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A b s t r a c t
The aim of this research was to develop a reliable predictive fatigue damage model for 
adhesively bonded structures. It was necessary for such a numerical model to be 
independent of geometry of the structure and capable of considering different fatigue 
damage phases, of simulating the experimentally measured damage evolution and of 
predicting the effect of main fatigue loading characteristics.
Three different adhesively bonded joints, namely the single lap joint, the laminated 
doubler in bending and the mixed-mode flexure specimen manufactured with the 
same adhesive system were considered for experimental and numerical investigations. 
The bonded joints were tested under quasi-static and fatigue loading and the failure 
responses of the bonded joints were studied experimentally and modelled 
numerically.
To assess static and fatigue progressive damage in the bonded joints, experimental 
approaches, including backface strain and video microscopy techniques were 
employed. The effect of important fatigue loading parameters including the maximum 
fatigue load level and the load ratio on the failure behaviour of the bonded joints was 
examined experimentally.
A cohesive zone model with a bi-linear traction-separation response was used to 
simulate the progressive damage in the adhesively bonded joints. This cohesive zone 
model was integrated with a damage mechanics based fatigue model to simulate the 
deleterious influence of fatigue loading. The proposed fatigue damage model was able 
to account for the effects of fatigue loading characteristics including the maximum 
fatigue load and fatigue load ratio. The static and fatigue damage models were 
calibrated, validated and optimised against the experimental results obtained and 
other published experimental data.
The fatigue damage model was applied to adhesively bonded joints subjected to 
constant and variable amplitude fatigue loading. The model was able to successfully 
predict the detrimental effect of the variable amplitude fatigue loading as well as the 
constant amplitude fatigue loading. The proposed fatigue damage model was generally 
found to be a significant improvement on other damage models available for 
adhesively bonded structures.
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1.1 Introduction
Structural a d h es iv e ly  b o n d e d  jo in ts  are in crea sin g ly  b e in g  u tilised  in  v a riou s  industries 
b e ca u se  o f  their w e ll re co g n ise d  advantages o v e r  the c la ss ica l m ech a n ica l fa sten in g  
m eth od s  su ch  as r ivetin g  and b o lt in g . S u ch  advantages in c lu d e  better fa tigu e  resistan ce , 
e lim in atin g  fretting  fa tigu e , red u ction  in  structural w eigh t, better sea lin g  and  v ib ra tion - 
d a m p in g  p rop erties  and red u ction s  in  m an u factu rin g  costs . N ev erth e less , there are a  fe w  
a sp ects  that p reven t a  m o re  w id esp rea d  use o f  a d h esive  b o n d in g  o v e r  the traditional 
jo in in g  tech n iq u es . T h e  m a jo r  co n ce rn s  in c lu d e  the n ecess ity  fo r  g o o d  su rfa ce  
preparation , the vu ln era b ility  to  h ostile  en v iron m en ts and fa tigu e  lo a d in g  and the la ck  o f  
re lia b le  p re d ic t iv e  m o d e ls  fo r  va riou s  fa ilu re  m ech an ism s.
T h e  su scep tib ility  to  fa tigu e  d a m a ge  has b e e n  re co g n ise d  as an im portan t c o n ce rn  in  
b o n d e d  jo in ts , even  th ou gh  a d h es iv e ly  b o n d e d  jo in ts  ex h ib it  a  better fa tigu e  
p e r fo rm a n ce  than eq u iva len t co n v en tion a l fasteners (A s h c r o ft  (2 0 0 5 ) ) . T h is  is b eca u se  
fa tigu e  is still on e  o f  the m o st  c o m m o n  yet c o m p lica te d  cau ses o f  fa ilu re  in  structures in  
general. T h is  has led  to  en g in eers  co n s id e r in g  fa tigu e  dam age  to le ra n ce  as o n e  o f  the 
k e y  param eters in  d es ig n in g  a d h es iv e ly  b o n d e d  jo in ts .
1.2 P r o b l e m  definition
T h e  fa tigu e  fa ilu re b eh a v iou r  o f  structures ca n  b e  stu d ied  ex p erim en ta lly  and 
n u m erica lly . H o w e v e r , exp erim en ta l fa tigu e testin g  is o ften  c o s t ly  and tim e  con su m in g  
and  p re d ic t iv e  n u m erica l m o d e llin g  can  h e lp  in  red u cin g  tim e and co s t . T h e  p re d ic t iv e  
m o d e ls  ca n  e ffe c t iv e ly  en ab le  en g in eers  to  m in im ise  the exp erim en ta l e ffo r t  requ ired  to 
attain a re lia b le  and  e ff ic ie n t  structural d esign . N everth e less , less  research  has b een  
undertaken  in  d e v e lo p in g  fa tigu e  life tim e  p re d ic t io n  tech n iqu es  fo r  a d h e s iv e ly  b o n d e d  
jo in t s  than in  undertaking fa tigu e  testing.
M o s t  o f  the p red ic tiv e  fa tigu e m o d e ls  d e v e lo p e d  so  far fo r  a d h e s iv e ly  b o n d e d  jo in ts  are 
either h ig h ly  s im p lis t ic  (i.e . d o  n o t co n s id e r  im portant fa tigu e ch a racteristics  o r  d eta ils)
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o r  h ig h ly  c o m p lica te d  and com p u ta tion a lly  an d /or  ex p erim en ta lly  e x p e n s iv e  to  
im p lem en t.
T h ere  are so m e  k e y  fa ctors  that n eed  to  b e  taken in to a ccou n t in  a re lia b le  and e ffe c t iv e  
n u m erica l fa tigu e  fa ilu re  m o d e l, a ) T h e  fa tigu e  dam age  m o d e l n eed s  to  b e  jo in t  
g e o m e try  in depen den t. T h ere fo re , h a v in g  d eterm in ed  the m o d e l param eters, it can  b e  
a p p lied  to  o th er jo in t  con fig u ra tion s  h a v in g  the sam e a d h esive  system , b )  In ord er to 
p red ict  the residu a l strength, the fa tigu e d am age  m o d e l sh ou ld  b e  ca p a b le  o f  p red ictin g  
the d a m a ge  and the e v o lu t io n  o f  d am age  con sisten t w ith  the ex p erim en ta lly  m easu red  
d a m a ge  du rin g  the fa tigu e  loa d in g , c )  T h e  fa tigu e  dam age  m o d e l n eed s  to  in corp ora te  
the w h o le  fa tigu e  li fe  in c lu d in g  the in itiation  and p rop a ga tion  p h ases. T h is  is  b eca u se , in  
fa tigu e  lo a d in g , e ither o f  these phases ca n  b e  d om inan t d ep en d in g  o n  the lo a d  ran ge and 
oth er fa cto rs  su ch  as m ateria ls, jo in t  g e o m e try  and test en v iron m en ta l co n d it io n s , d ) 
F urtherm ore, in  ord er to  b e  ab le  to  p red ict the fa ilu re b eh a v iou r  o f  the a d h es iv e ly  
b o n d e d  structures under any  fa tigu e loa d in g  co n d it io n , the e ffe c t  o f  im portant fa tigu e  
lo a d in g  ch aracteristics  su ch  as the m a x im u m  loa d  lev e l and the lo a d  ratio sh ou ld  b e  
in corp ora ted  in to  the p re d ic t iv e  m o d e l.
1.3 A i m  of the s t u d y
T h is  research  a im s to  d e v e lo p  a re lia b le  p red ic tiv e  fatigue d a m a ge  m o d e l fo r  a d h e s iv e ly  
b o n d e d  structures w h ich  is:
- jo in t  co n fig u ra tio n  in depen den t,
ca p a b le  o f  p red ictin g  the experim en ta l fa tigu e dam age  e v o lu tio n , 
ca p a b le  o f  co n s id e r in g  the d am age  in itiation  and p rop a g a tion  p h ases and 
ca p a b le  o f  p red ictin g  the e f fe c t  o f  the m a in  fa tigu e loa d in g  ch aracteristics .
1.4 R e s e a r c h  m e t h o d o l o g y
T o  a ch ie v e  the a im  o f  this d o cto ra l research , the fo l lo w in g  ap p roa ch  w a s  a d op ted :
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D iffe re n t a d h es iv e ly  b o n d e d  jo in ts , n a m ely  the s in g le  lap jo in t  (S L J ), the 
lam in ated  d ou b le r  in  b en d in g  (L D B ) and the m ix e d -m o d e  flex u re  (M M F ) 
sp ec im en , all b o n d e d  u sin g  F M  7 3 M  O S T  ad h esive  and h a v in g  the sam e 
a lu m in iu m  and su rface  treatm ent w ere  co n s id e re d  fo r  exp erim en ta l and 
n u m erica l in vestiga tion s.
T h e  a d h es iv e ly  b o n d e d  jo in t s  w ere  tested  under quasi-sta tic  and fa tigu e  loa d in g  
and the fa ilu re  b eh a v iou r  o f  the b o n d e d  jo in ts  under static and fa tigu e  lo a d in g  
w a s  ex a m in ed  exp erim en ta lly . T h e  experim en ta l results ob ta in ed  tog eth er  w ith  
so m e  oth er p u b lish ed  exp erim en ta l data w ere  u sed  fo r  ca lib ra tion  and v a lid a tion  
o f  the p red ictiv e  m o d e ls .
A  fin ite  e lem en t static fa ilu re  m o d e l w a s  d e v e lo p e d  to  s im ulate  the p ro g re ss iv e  
d am age  in  a d h e s iv e ly  b o n d e d  jo in t s  under qu asi-sta tic loa d in g . T h is  static m o d e l 
w a s ca lib ra ted  against the SLJ and va lid a ted  against the L D B .
A  fin ite  e lem en t fa tigu e  m o d e l w as d e v e lo p e d  b y  in tegrating  the static m o d e l 
w ith  a m a x im u m  lo a d -b a se d  fa tigu e  d am age  m o d e l to  sim ulate the p ro g re ss iv e  
fa tigu e  d a m a ge  at a g iv e n  lo a d  ratio. T h is  fa tigue m o d e l w a s  ca lib ra ted  against 
the SLJ and va lid a ted  against the L D B .
T h e  fa tigu e  d a m a ge  m o d e l w a s m o d if ie d  to  a cco m m o d a te  the e f fe c t  o f  lo a d  ratio 
and thus to  gen era lise  the a p p lica b ility  o f  the m o d e l fo r  an y  con stan t a m plitu de 
fa tigu e  loa d in g  co n d it io n . T h is  m o d e l w a s  ca librated  and v a lid a ted  against the 
exp erim en ta l data ob ta in ed  fo r  the SLJ and the L D B  b o n d e d  u sin g  the F M  7 3 M  
O S T  and a lso  p u b lish ed  exp erim en ta l data fo r  the SLJ b o n d e d  u sin g  the A V 119 
ad h esive .
- T h e  gen era lised  m o d e l w a s  ex ten d ed  to  p red ict the fa ilu re  b e h a v io u r  under 
variab le  am plitu de fa tigu e  loa d in g . T h is  m o d e l w a s  ca lib ra ted  and va lid a ted  
against the p u b lish ed  exp erim en ta l data fo r  the SLJ b o n d e d  u sin g  F M  7 3 M  
a d h es iv e  su b je cted  to  va r iou s  variab le  am plitu de fa tigu e lo a d in g  spectra .
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-  T h e  static and  fa tigu e  p re d ic t iv e  m o d e ls  w ere  o p tim ise d  fo r  the exp erim en ta l 
data ob ta in ed  fo r  the M M F  sp ecim en . T h is  sp e c im e n  w a s  se le cted  fo r  this 
further study as it con ta in ed  o n ly  on e  p o s s ib le  lo ca t io n  fo r  fa tigu e  dam age .
1.5 Outline of the thesis
T h e  structure o f  the th esis is illustrated in  F ig . 1-1 and su m m arised  b e lo w :
C hapter 2  cr it ica lly  re v ie w s  the m a in  n um erica l p red ictiv e  m eth od s  u sed  fo r  stu dy in g  
fa tig u e  d a m a g e  in  a d h e s iv e ly  b o n d e d  jo in ts  and  sp e c if ie s  a fra m e w o rk  fo r  the n u m erica l 
p ro g re ss iv e  d a m a ge  m o d e llin g . M o r e o v e r , it sum m arises the m a in  exp erim en ta l w o rk  
undertaken  fo r  stu dy in g  the fa tigu e fa ilu re b eh a v iou r  o f  b o n d e d  jo in t s  fo l lo w e d  b y  a 
deta iled  re v ie w  o f  the b a ck fa ce  strain tech n iq u e  (the m ain  d am age  m o n ito r in g  m eth od  
u sed  in  this w o rk ).
C hapter 3 su m m arises the d iffe ren t jo in t  sp ec im en s  and the apparatus u sed  fo r  the 
exp erim en ta tion , the sp e c im e n  m ateria ls, the b o n d e d  jo in t  m an u factu rin g  p ro ce d u re  and 
the exp erim en ta l m eth od s  u sed  fo r  the testing.
C hapter 4  presents the static exp erim en ta l results o f  the SLJ and L D B  and ex p la in s  the 
n u m erica l c o h e s iv e  z o n e  m o d e l u sed  fo r  p red ictin g  the structural b e h a v io u r  o f  
a d h e s iv e ly  b o n d e d  jo in ts  under static loa d in g .
C hapter 5 d escr ib es  the fa tigu e exp erim en ta l results o f  the SLJ and L D B  at a f ix e d  lo a d  
ratio o f  0.1 and details the con stan t am plitu de fatigue d a m a ge  m o d e l d e v e lo p e d  fo r  
p red ictin g  the fa tigu e resp on se  at a g iv e n  lo a d  ratio.
In C hapter 6 , the e f fe c t  o f  loa d  ratio o n  the fa ilu re b eh a v iou r  o f  a d h e s iv e ly  b o n d e d  
jo in ts  (S L J  b o n d e d  u sin g  tw o  d iffe ren t a d h esive  system s) under con stan t a m plitu de 
fa t ig u e  lo a d in g  is stu d ied  exp erim en ta lly  and m o d e lle d  n u m erica lly  u sin g  the fin ite  
e lem en t m eth od .
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C hapter 7 details the fa tigu e  dam age  m o d e l u sed  fo r  p red ictin g  the fa tigu e  fa ilu re 
b e h a v io u r  o f  the a d h es iv e ly  b o n d e d  jo in ts  under variab le  am plitu de fa tigu e  loa d in g . T h e  
p ro p o s e d  m o d e l is a p p lied  to  p u b lish ed  experim en ta l results ob ta in ed  fo r  va riou s  
variab le  am plitu de fa tigu e  loa d in g  spectra .
In C hapter 8, the fa ilu re b eh a v iou r  o f  the M M F  sp ec im en  is stud ied  ex p er im en ta lly  and 
n u m erica lly  under static and fa tigu e  lo a d in g  in  an attem pt to  further ch aracterise  the 
fa tigu e  fa ilu re  p ro ce ss . M o re o v e r , an op tim isa tion  a lgorith m  w a s d e v e lo p e d  and 
e m p lo y e d  to  op tim ise  the static and fa tigu e  d a m a g e  m od e ls .
C hapter 9 su m m arises the m a in  co n c lu s io n s  fro m  the research  and p ro v id e s  su g g estion s  
fo r  the fu ture research .
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2 .1  I n t r o d u c t i o n
This chapter reviews the main experimental and numerical studies that have been 
undertaken to investigate the effect of fatigue loading on structural behaviour of 
adhesively bonded joints. Fig. 2-1 illustrates the structure of this chapter.
Literature R eview
N um erical m e th o d s
Total-life
Damage Initiation 
and Propagation
Damage Monitoring 
Techniques
Fig. 2-1. Structure of the literature review chapter
This chapter consists of two main parts. In the first part, some selected experimental 
investigations on fatigue behaviour of bonded joints together with the damage 
monitoring techniques are outlined. The second part critically reviews the numerical 
methods employed to study the fatigue failure behaviour of adhesively bonded joints 
and specifies a framework for the numerical progressive damage modelling.
2 . 2  F a t i g u e  t e s t i n g  in  a d h e s i v e l y  b o n d e d  j o i n t s
The behaviour of adhesively bonded joints under fatigue loading has been studied 
experimentally by many researchers. This section categorises the experimental studies 
into three parts: a) the studies that investigated the total fatigue life of the bonded joints.
Total-life
Continuum 
Damage Mechanics
Fracture Mechanics
Stress Singularity
Cohesive Zone 
Model
E xperim ental S tu d ies
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b) the studies that investigated different phases of the fatigue life including damage 
initiation and propagation and c) the damage characterising techniques.
2.2.1 Load-life
Some researchers broadly examined the total number of fatigue cycles under which a 
bonded joint can survive. In the total-life method, the sample is subjected to the cyclic 
loading until complete failure. This test is repeated at different levels of stress amplitude 
or load level and the results are presented as a plot of stress or load versus number of 
cycles to failure. Although the actual fatigue spectra experienced by many structures are 
irregular and complex, to facilitate laboratory implementation, fatigue is often 
considered in terms of a sinusoidal waveform with a constant amplitude. It should be 
noted that the S-N curve obtained for adhesively bonded joints depends significantly on 
the joint geometry as well as the adhesive system and environmental conditions 
throughout the test. This hinders the use of a S-N curve obtained from one joint being 
applied to other joints with different geometry, even with similar adhesive materials. In 
the case of adhesively bonded joints the S-N curve is often represented by a straight line 
and fatigue endurance limit is typically considered to be 20 to 50% of the quasi-static 
failure stress/load (Ashcroft (2005)). The fatigue test methods for adhesive lap joints 
can be found in the standard BS EN ISO 9664:1995.
A sinusoidal waveform used for fatigue loading can be characterised by two loading 
parameters along with the frequency. The two parameters can be chosen from maximum 
load (Pmax), minimum load (Pmi„), mean load (Pm=(Pmax+P,mJ/2), load range (Pr=Pmax- 
Pmill), load amplitude (Pa=(Pmax-Pmin)/2) and load ratio (R=Pmi}JPmaf). A simple single 
S-N curve represents only one of the fatigue loading parameters while some researchers 
(e.g. Crocombe and Richardson (1999), Underhill and DuQuesnay (2006), Gomatam 
and Sancaktar (2006b)) also, incorporated the effect of other fatigue loading 
characteristics. They investigated the effect of mean stress and load ratio by testing 
samples at several load ratios or mean stress values and generated a set of S-N curves. A 
typical S-N diagram illustrating the effect of load ratio is shown in Fig. 2-2(a) in which 
the load range normalise by the static strength is plotted against the cycles to failure.
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Another way of presenting the load ratio or mean stress effect is using constant life 
diagrams in which mean load/stress is plotted versus load/stress amplitude (See Fig. 
2-2(b)).
Cycles to failure (Nf) Normalised mean load (Pm/Ps)
Fig. 2-2. a) Load ratio effect on S-N diagram, b) Constant life diagram for steel-epoxy lap joints
(Crocombe and Richardson (1999))
2 . 2 . 2  D a m a g e  i n i t i a t i o n  a n d  p r o p a g a t i o n
Contrary to the researchers who studied the total fatigue life of bonded joints, other 
researchers investigated the fatigue behaviour of bonded joints in more detail. The total 
fatigue life can be considered as a combination of two phases: a) damage initiation and 
b) damage propagation. However, a clear distinction between the two phases cannot 
easily be made as the relative dominance of the phases depends on many factors such as 
materials, joint geometry, test enviromnental conditions, bond surface pre-treatment, 
loading conditions and also the definition of the damage initiation and propagation 
phases. This section outlines selected experimental work that has been undertaken 
studying the damage initiation and evolution in adhesively bonded joints.
Zhang et al. (1995) studied epoxy-steel single lap joints under fatigue loading with a 
load ratio of zero and frequency of 10 Hz. To measure the fatigue crack initiation lives 
at different load levels, they used the back-face strain technique. It was found that by 
decreasing the load level, the proportion of the fatigue life spent on the initiation of
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damage increased. Therefore, by moving towards the right side of the S-N curve, the 
fatigue life was dominated by the resistance of the joint to fatigue crack initiation (see 
Fig. 2-3).
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Fig. 2-3 Ratio of damage initiation life (Ni) over total fatigue life (Nf) at different fatigue life (Zhang et
al. (1995))
Dessureault and Spelt (1997) studied the effect of starting crack conditions on the 
fatigue crack initiation and propagation. Fatigue tests were carried out on double 
cantilever beam specimens (mode I), cracked lap shear specimens (mixed mode I-II) 
and end notch flexure specimens (mode II) with a load ratio of 0.1 and a frequency of 
30 Hz. The crack initiation was studied using a microscope. The first visible micro 
crack in the fillet was used to define the crack length. Three starting conditions 
including intact fillet, pre-existing crack and fast mode I pre-crack were considered. It 
was found that in mode II and mixed mode conditions, the difference in crack initiation 
time for all starting conditions (intact fillet, pre-existing crack and fast mode I pre­
crack) was negligible. In contrast, in mode I condition a pre-existing fatigue crack 
needed two or three times longer to initiate than a fast mode I pre-crack. This was 
probably because of blunting of the crack tip or some self-toughening mechanism.
Crocombe et al. (2002) tested aluminium-modified epoxy film adhesive and fibre- 
reinforced polymer composite-modified epoxy film adhesive single lap joints with 
different configurations under fatigue loading at a load ratio of 0.1 and a frequency of 2 
Hz. They employed the backface strain technique to inspect the damage initiation phase.
1V" r - ’T-T r \ i n ' — " v n|..........i ' \ i m n i ------- » » i « n  11
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It was found that for the joints with intact adhesive fillet the damage initiation phase, 
even at high loads (50% of static failure load), occupied about half of the total fatigue 
life. Moreover, it was observed that removing the adhesive fillet of the joints eliminated 
the initiation phase and reduced the fatigue life. They also investigated the application 
of the back-face strain technique and determined optimum gauge specification and 
location. More details of the back-face strain technique and this work (Crocombe et al. 
(2002)) is presented in section 2.2.3.1.
Quaresimin and Ricotta (2006) studied the influence of overlap length and fillet corner 
geometry on the fatigue response of single lap joints composed of carbon/epoxy 
laminates bonded with an epoxy adhesive. Fatigue tests were conducted on the joints at 
a load ratio of 0.05 and a test frequency variable in the range of 10-15 Hz depending on 
the applied stress level. Moreover, the fatigue damage evolution was monitored using 
visual and microscopic observations. A crack length of 0.3mm was considered for 
threshold value of crack initiation. The crack initiation phase was observed to be in the 
range of 20% to over 70% of the total fatigue life, depending mainly on the overlap 
length and stress level. It was found that the joints with shorter overlap length had 
greater ratio of damage initiation to total fatigue life. Moreover, by increasing the 
overlap length, longer damage propagation life was achieved leading to a better fatigue 
performance of the bonded joints. The presence of spew fillet was found to make 25% 
improvement in the fatigue strength. The crack growth rate was found to be very 
sensitive to the level of load and insensitive to the overlap length.
Azari et al. (2010) investigated the effect of starting conditions (including fatigue 
precrack and fillet) and testing approach (including force and displacement control) on 
the fatigue threshold of adhesively bonded joints. The fatigue threshold was defined as 
the maximum strain energy release rate that caused 10'6 mm/cycle crack growth rate. 
Moreover, they studied the effects of mode mixity and crack growth rate on the crack 
path and failure mode. The cracked lap shear, asymmetric double cantilever beam and 
double cantilever beam joints were fatigue tested under load or displacement control at 
a frequency of 20 Hz and load or displacement ratios of 0.1 or 0.5, respectively. 
Moreover, the crack initiation and evolution were measured using a Charge Coupled 
Device (CCD) camera and a method based on the joint compliance.
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It was found that the starting conditions did not influence the fatigue threshold 
providing the crack path was cohesive after initiation. Fatigue testing under 
displacement control was suggested as a more preferential testing approach in 
determining fatigue threshold as it provided the same threshold and crack growth rate as 
those obtained from load control but more conveniently and in a shorter time.
The crack path caused by fatigue loading was observed to be dependent on the mode 
mixity and the crack growth speed. It was observed that increasing the mode mixity 
and/or decreasing the crack growth rate drove the crack closer to the interface and made 
the bond strength highly sensitive to the interface bond strength. Whereas the crack 
caused by fatigue testing at higher crack growth rate and/or mode I was driven further 
from the interface and consequently less sensitive to the interface condition. The 
relation between the crack growth rate and the crack path could not be attributed to the 
environmental attack in Azari et al. (2010)’s work since all tests were carried out in dry 
condition (11-15% relative humidity). This was obtained by conducting the tests in a 
desiccant chamber. However, the authors provided two possible reasons for this 
relationship. One reason was increasing the local mode mixity due to the increase in 
adhesive stiffness around the crack tip when the crack growth rate is very low. The 
other possible reason for the effect of crack growth rate on the crack path was local 
toughening at the crack tip. Thus, when the cyclic loading continues for a long period, a 
local toughened zone forms around the crack tip that causes the crack to follow the 
weaker path around the locally toughened material and to deflect towards the interface.
2 . 2 . 3  D a m a g e  m o n i t o r i n g  t e c h n i q u e s
The reliability of adhesively bonded joints depends on many factors such as loading 
conditions, environmental conditions, joint configuration etc. Therefore, non-destructive 
and in-situ damage monitoring of bonded joints under service loading is indispensable. 
Several techniques have been utilised for monitoring and characterising damage 
initiation and propagation in adhesively bonded joints. The main techniques include 
optical microscopy (Ishii et al. (1999), Cheulc et al. (2002), Quaresimin and Ricotta
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(2006)), acoustic emission (Ducept et al. (2000), Magalhaes and De Moura (2005)), 
piezoelectric (Hwang and Lee (2005)), compliance based (Krenk et al. (1996), Pirondi 
and Nicoletto (2006), Azari et al. (2010)) and backface strain (Zhang et al. (1995), 
Crocombe et al. (2002), Solatia et al. (2010)) techniques. It should be noted that the 
monitoring technique can influence the definition of the relative dominance of damage 
initiation and propagation. For instance, the compliance based technique mostly 
indicates the crack propagation phase (Krenk et al. (1996)) whereas the optical 
microscopy technique mostly shows the crack initiation phase (Hadavinia et al. 
(2003a)). In this research, the backface strain has been employed to characterise the 
fatigue damage. Also, the video microscopy technique has been used to provide 
supporting evidence. Therefore, a detailed review of the backface strain technique is 
given in the next section.
2.2.3.1 Back-face strain technique
To determine the residual strength of a joint under fatigue loading, the damage, or the 
evolution of damage, has to be evaluated. This can be done only when the complicated 
process of damage during the cyclic loading is clarified and this requires a localised 
damage assessment technique. This is because localised damage such as damage 
initiation may not affect the overall behaviour of the joint, consequently, the methods 
that rely on global behaviour, such as reduction in the overall stiffness (compliance), 
may not be able to monitor fatigue damage in detail.
Damage in adhesively bonded joints can be assessed using the backface strain 
technique, which is a localised damage assessment technique. This in-situ technique can 
be considered as a reliable method for assessing when crack initiation has occurred 
within the joint. In this method, strain gauges are bonded on the backface (exposed 
surface) of the substrate, near a site of anticipated damage. The measured strain during 
the onset and growth of damage changes and this change is utilised to indicate the 
damage.
The backface strain technique was initially employed by Abe and Satoh (1986) to study 
crack initiation and propagation in welded structures. Later, some other authors (Zhang
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et al. (1995), Imanaka et al. (1995), Curley et al. (2000), Crocombe et al. (2002), 
Hadavinia et al. (2003a), Kelly (2006), Graner Solana et al. (2007)) applied this 
technique to adhesively bonded joints. Zhang et al. (1995) performed experiments on 
single lap joints and could detect the fatigue crack initiation by considering the switch 
in the direction of backface strain variations with fatigue cycles. Fig. 2-4 indicates how 
the crack initiation life and the site of crack initiation can be determined. The backface 
strain remains relatively unchanged before the damage initiation and then, by assuming 
a crack develops only from one end, the position of the maximum strain shifts to the 
crack tip. Consequently, the strain reading at SGI decreases and at SG2 increases which 
can be considered as an indicator of damage initiation. This can be because, as a crack 
grows the local deformation at the location of the nearer strain gauge (SGI in Fig. 
2-4(c)) relaxes and the joint becomes more asymmetric, thus a larger moment is induced 
in the other substrate. Although not explicitly stated, this response only occurs if the 
strain gauge is placed outside the overlap and in this case the sensitivity is very low.
(a )
S G 1
S G 2
(b )
S G 1
S G 2
(c)
S G 1
Fig. 2-4. Backface strain detection of fatigue crack initiation
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T h ese  b eh a v iou rs  o f  strain ga u ges read in gs are con sisten t w ith  the b a ck fa ce  strain 
d istribu tion s o f  the substrates (S e e  F ig . 2 -5 ) , k eep in g  in  m in d  that in  F ig . 2 -4 , the strain 
g a u g es  are p la ce d  1 m m  ou ts id e  the ov er la p  and dam age o ccu rs  at o n e  en d  o f  the jo in t . 
T h is  is n ot n ecessa rily  id ea l and w ill b e  d iscu ssed  later. F ig . 2 -5  sh o w s  the strain 
d istribu tion s a lon g  the substrate b a ck fa ce  fo r  d ifferen t cra ck  len gth s, p rop a g a tin g  o n ly  
fr o m  end  A . It ca n  b e  seen  fro m  F ig . 2 -5 (a )  that as the cra ck  g re w , the strain p ea k  o f  
substrate S I  sh ifted  tow ard s the right w ith  an in creased  va lu e . T h is  in crease  in  strain 
p ea k  v a lu e  can  b e  attributed to  an in crease  in  the b en d in g  m o m e n t as the free  len gth  
in crea sed  ca u sed  b y  in crea sin g  cra ck  length . C ontrary  to  substrate S I ,  b y  g ro w in g  the 
cra ck , n o  m a jo r  sh ift w a s  o b se rv e d  fo r  the strain p ea k  o f  substrate S 2 . H o w e v e r , the 
m agn itu d e  o f  this strain p ea k  in creased  as the cra ck  g rew , w h ich  w a s  b eca u se  o f  the 
in crea sin g  b e n d in g  m o m e n t du e to  in crea sin g  asym m etry  o f  the jo in t .
Im anaka et al. (1 9 9 5 ) u sed  the b a ck fa ce  strain tech n iq u e  to  co m p a re  b o n d e d  and  h ybrid  
(b o n d e d  and rive ted ) jo in ts . C u rley  et al. (2 0 0 0 )  e m p lo y e d  the te ch n iq u e  fo r  m on ito r in g  
the fa tigu e  fa ilu re  in  s in g le  lap jo in ts  w h ile  fu lly  im m ersed  in  w ater. C r o c o m b e  et al. 
(2 0 0 2 )  im p ro v e d  the understand ing o f  the b a ck fa ce  strain te ch n iq u e  and fo u n d  the 
op tim a l ga u ge  s p e c if ica t io n  and  lo ca t io n . T h e y  studied  the e f fe c t  o f  the strain ga u ge  
p o s it io n  rela tive  to  the en d  o f  the jo in t  and the strain gau ge  len gth  o n  b a c k fa c e  strain 
g a u g e  tech n iq u e  sen sitiv ity . T o  m a x im ise  the sen sitiv ity  o f  the tech n iq u e , the g a u g es  
n eed  to  b e  b o n d e d  in  the p o s it io n  w h ere  th ey  ca n  exh ib it m a x im u m  ch a n g e  in  strain 
w h ile  d a m a ge  g row s .
C r o c o m b e  et al. (2 0 0 2 ) a p p lied  the b a ck fa ce  strain tech n iqu e  to  s in g le  lap  jo in ts  and 
s h o w e d  that w h en  the dam age  o ccu rs  at on e  en d  o f  the jo in t  ( f o r  e x a m p le  at s ide  A , in  
F ig . 2 -5 ) , b y  g ro w in g  the d am age , the varia tion  o f  b a ck fa ce  strain at substrate S I  is 
s ig n ifica n tly  d ep en d en t o n  the p o s it io n  o f  the gau ge. T hus i f  the g a u g e  is p la ce d  m o re  
than a bou t 0 .5  m m  ou ts id e  the ov er la p , the strain read ings d ecrea se  gra d u a lly  and i f  it is 
p la ce d  a sm all d istance  in s ide  the ov er la p , the strain gau ge  in itia lly  p ro v id e s  a  re la tiv e ly  
rap id  in crease  fo l lo w e d  b y  a  gradual d ecrease . H o w e v e r , the b a ck fa ce  strain m easu red  
at substrate S 2  in creases grad u a lly  irresp ective  o f  the gau ge  p os it ion .
17
Chapter 2
Literature review
A
Xi
  ►
S i <£>
S2
B
Fig. 2-5. Substrate backface strain distributions for various crack lengths, 
(a) substrate S1, (b) substrate S2 (Crocombe etal. (2002))
T h e  e f fe c t  o f  ga u g e  p o s it io n  o n  the varia tion  in  b a ck fa ce  strain w ith  cra ck  len gth  is 
illustrated in  F ig . 2 -6 . T h e  authors su ggested  that the strain ga u ges to  b e  p la ce d  1 o r  2 
m m  in side  the ov er la p  so  that the sen sitiv ity  o f  the tech n iq u e  ca n  b e  en han ced . 
M o r e o v e r , a c co rd in g  to  F ig . 2 -6 , p la c in g  the strain gau ge  in side  the o v er la p  perm its 
estim a tion  o f  the d a m a ge  e x ten s ion  w ith in  the jo in t . T h is  is b eca u se  i f  the strain ga u g e  
is p la ce d  x  m m  in side  the ov er la p , the strain peak  in d icates  that the d a m a ge  has 
ex ten d ed  abou t x + y  m m  into the jo in t  w h ere  y  is d ependen t o n  g e o m e try  and can  b e
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determ in ed  from  n um erica l analyses. T h e y  a lso  studied the case  o f  cra ck s  at both  ends 
o f  the jo in t  and it w as fou n d  that both  strain gau ges ind icated  a s im ilar trend to  F ig. 
2 -5 (a ). F urtherm ore, the study o f  the e ffe c t  o f  the gau ge length  sh o w e d  that the sm aller 
the ga u g e  length , the h igh er the tech n iqu e  sensitiv ity . T h is  is b eca u se  the strain gau ge  
takes the average  o f  strain o v e r  its length  and this dam ps out the strain ch an ges .
Fig. 2-6. The effect of strain gauge position on the variation in backface strain with crack length
(Crocombe et al. (2002))
Later, H adavin ia  et al. (2 0 0 3 a ) u tilised  the b a ck fa ce  strain tech n iq u e  to qu an tify  the 
re lative p rop ortion  o f  tim e spent in in itiation  and the subsequent p rop a ga tion  o f  a crack  
until fa ilure in s in g le  lap jo in t . T h e strain ga u ges w ere  p la ced  at 0 m m  in side  the ov er la p  
and the crack  in itiation  w as assu m ed  w h en  the strain readings o f  the g a u g es  cea sed  to  be  
constant.
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K e lly  (2 0 0 6 )  stud ied  the strength and fa tigu e  li fe  o f  h ybrid  (b o n d e d /b o lte d ) c o m p o s ite  
s in g le  lap jo in ts  and d etected  d a m a ge  in itiation  u sin g  the b a ck fa ce  strain tech n iq u e . H e  
p la ce d  the strain ga u ges  at 1 m m  in side  the ov er la p  and d e fin e d  the cra ck  in itiation  
u sin g  the results o f  C r o c o m b e  et al. (2 0 0 2 )  research . It w as fo u n d  that h y b r id  jo in in g  in  
c o m b in a t io n  w ith  a s t i f f  e p o x y  a d h es iv e  o ffe r e d  o n ly  lim ited  im p rovem en ts  w h ile  in  
c o m b in a t io n  w ith  a f le x ib le  p o ly m eth a n e  a d h es iv e  p ro d u ce d  b o th  h igh er  jo in t  strength 
and  ex ten d ed  fa tigu e life . G raner S o lan a  et al. (2 0 0 7 ) u sed  m u ltip le  strain g a u g es  to  
m easu re  the d a m a ge  in  d iffe ren t lo ca t io n s  and tied  the b a ck fa ce  strain read in gs  w ith  a 
p h y s ica lly  m easu red  d a m a ge  sca le  ob ta in ed  fro m  section  m ic r o s c o p y
2 . 3  F a t i g u e  d a m a g e  m o d e l l i n g  i n  a d h e s i v e l y  b o n d e d  j o i n t s
T h is  se c t io n  rev iew s  the n u m erica l m eth od s  e m p lo y e d  to  stu dy  the fa tigu e  fa ilu re 
b e h a v io u r  o f  a d h es iv e ly  b o n d e d  jo in ts . T h e  advantages and  d isad van tages o f  the 
m eth od s  h ave  b e e n  d iscu ssed  and the m o st  re lia b le  m eth od  w a s  ch o se n  fo r  the 
n u m erica l an a lyses d e v e lo p e d  as part o f  the current research .
2.3.1 Total-life methods
T h ere  are tw o  prin cip a l total life  m eth od s , w h ich  are c o m m o n  in  m eta l fa tigu e  study, 
n a m ely  s tress-life  and stra in -life  app roach es . T h e  tw o  ap p roach es  are b a sed  o n  the sa fe - 
li fe  c o n ce p t , m ea n in g  that the structure is in itia lly  assu m ed  d e fe c t  free  and e x p e cte d  to  
b e  u sed  fo r  a certain  se rv ice  life , a fter w h ich  it sh ou ld  b e  rep la ced . In  gen era l, fa tigu e  
ca n  b e  ca te g o r ise d  in to h igh  c y c le  fa tigu e  (H C F ) and lo w  c y c le  fa tigu e  (L C F ). In the 
fo rm er , the structure is under a  re la tiv e ly  lo w  c y c l i c  loa d  w ith  a  p red om in a n tly  e lastic  
re sp on se  and the m ateria l m a y  tolerate  m illio n s  o f  stressing c y c le s . In  the latter, the 
c y c l i c  lo a d  le v e l is re la tive ly  h igh , w id esp rea d  p lastic ity  ca n  b e  in v o lv e d  and the fa tigu e  
life t im e  is in  the range o f  th ousands o f  c y c le s . T h e  stress-life  a p p roa ch  is m o s t ly  
a ssoc ia ted  w ith  H C F  and stra in -life  ap p roa ch  is associa ted  w ith  L C F , w h ic h  co n s id e rs  
the lo ca lis e d  p la stic  d e fo rm a tio n  du rin g  c y c l i c  stressing. H o w e v e r , the latter has n ot 
b een  e x te n s iv e ly  u tilised  fo r  a d h es iv e ly  b o n d e d  jo in ts .
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B a s ica lly , in  the stress-life  ap p roa ch , the sam ple  n eeds to b e  tested  u nder c y c l i c  lo a d in g  
w ith  con stan t am plitu de and at d iffe ren t loa d  lev e ls . C on seq u en tly , the lo a d -life  (S -N ) 
cu rv es  ca n  b e  ob ta in ed  as a result. A n  ex a m p le  o f  a S -N  cu rv e  is s h o w n  in  F ig . 2 -2 (a )  
fo r  a  s te e l-e p o x y  lap  jo in t . In the ca se  o f  a d h es iv e ly  b o n d e d  jo in ts , the n om in a l stress 
(S ) , is o ften  co n s id e re d  as the a p p lied  lo a d  am plitu de d iv id e d  b y  the b o n d e d  area. It is 
n o te w o rth y  that in  a d h es iv e ly  b o n d e d  jo in ts  the average stress in  the jo in t  m igh t n ot b e  
ea s ily  related  to  the m a x im u m  stress. T h is  is becau se , o n c e  c ra ck  p rop a g a tion  takes 
p la ce  the b o n d in g  area w ill ch a n ge  and the average  stress and a c co rd in g ly  the 
re la tion sh ip  b e tw een  the average  and  the m a x im u m  stress w ill ch a n ge . H e n ce  the S -N  
cu rv e  w ill  n o t o n ly  b e  m aterial dep en d en t but a lso  g eom etry  d epen den t. In oth er w o rd s , 
a S -N  cu rv e  ob ta in ed  fo r  on e  jo in t  m a y  n ot b e  a p p lica b le  to  oth er jo in t s  w ith  d iffe ren t 
g e o m e try  and sim ilar a d h es iv e  m aterials. A ls o , it sh ou ld  b e  n oted  that the con tro l 
sa m p le  and the test co n d it io n s  th rou ghou t the test can  a ffe ct  the resu lts s ig n ifica n tly . 
T h e  S -N  cu rv e  is u su a lly  presen ted  o n  lo g  ax is and the data ca n  b e  fitted  to  a d escen d in g  
cu rv e  as fo l lo w s :
S’ =  AN b E q. 2 -1
w h ere  S is  n om in a l stress, N  is  n u m ber o f  c y c le s , A and B are con stan ts w h ich  ca n  b e  
ob ta in ed  fro m  em p ir ica l cu rve  fitting . T h e  con stan ts can  b e  d ep en d en t o n  param eters 
su ch  as m ateria l, g eom etry , su rfa ce  co n d it io n , en v iron m en t and  stress ratio.
A lth o u g h  the stress-life  ap p roa ch  ca n  b e  u se fu l in  p red ictin g  the fa tigu e  life tim e , this 
m eth od  is n ot ab le  to  in d icate  the d am age  o r  the ev o lu tio n  o f  the d a m a g e  du rin g  the 
fa tigu e  loa d in g . T h ere fo re , residual strength, fo l lo w in g  partial fa tigu e  d a m a g e , ca n n ot 
b e  determ in ed  u sin g  this m eth od . A n o th e r  d e fic ie n c y  o f  the stress-life  a p p roa ch  is that 
the in itiation  and g row th  phases o f  fa tigu e life tim e  are n ot d ifferen tia ted . It is w orth  
n o tin g  that so m e  researchers (Z h a n g  et al. (1 9 9 5 ) , C r o c o m b e  et al. (2 0 0 2 ) )  tried  to 
en h a n ce  the ca p a b ility  o f  the m eth od  b y  c o m b in in g  it w ith  other m eth od s  lik e  b a ck fa ce  
strain tech n iqu e.
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2 . 3 . 2  C o n t i n u u m  d a m a g e  m e c h a n i c s
S o m e  researchers e m p lo y e d  con tin u u m  d am age  m ech a n ics  (C D M ) to  p re d ic t  the fa tigu e  
li fe  tim e in  a d h es iv e ly  b o n d e d  jo in ts . In this m eth od , a dam age param eter (D )  is d e fin e d  
to  s p e c ify  the e ffe c t iv e  stress co rre sp o n d in g  to  a  certain  am ount o f  d a m a g e . T h e  d a m a ge  
param eter is z e ro  fo r  an u n d am aged  m ateria l and is on e  fo r  a  fu lly  d a m a g ed  m ateria l. 
A c c o r d in g  to  this th eory , the in itiation  o f  a m a cro -c ra ck  o ccu rs  w h en  the accu m u la ted  
d a m a ge  rea ch es  a cr it ica l va lu e  (b e tw e e n  zero  and on e ) and d a m a g e  a ccu m u la tion  can  
b e  e x p ressed  in term s o f  n u m ber o f  c y c le s  to  fa ilure. A lth o u g h  ex te n s iv e  research  has 
b een  p e r fo rm e d  o n  the a p p lica tion  o f  C D M  in  fa tigu e o r  creep  p re d ic t io n s , o n ly  a  v e ry  
sm all am ou n t w a s d e v o te d  to  a d h es iv e ly  b o n d e d  jo in ts  (e .g . W a h a b  et al. (2 0 0 1 ) , 
Im an aka  et al. (2 0 0 3 ) , H ilm y  et al. (2 0 0 6 ) , IJ ilm y  et al. (2 0 0 7 ) ) .
W a h a b  et al. (2 0 0 1 )  e m p lo y e d  C D M  to  p red ict  the num ber o f  c y c le s  to  fa ilu re  and 
fa tigu e  th resh old  in  c o m p o s ite  a d h es iv e ly  b o n d e d  jo in ts . T h e y  d e v e lo p e d  a d a m a g e  
e v o lu t io n  la w  (E q . 2 -2 )  a c co rd in g  to  th erm od y n a m ics  p rin cip les .
dD
dN
A
1 - D
P+«
r V2
V E q. 2 -2
w h ere  A, ft and m are m ateria l param eters, Aoeq is the range o f  V o n  M ise s  stress 
( A a tv/ =  <3e(J max- a eq min)  and Rv is a triax ia lity  fu n ction  w h ic h  w a s  determ in ed  as 
fo l lo w s :
Ry =  — (1 +  v )  +  3(1 -  2 v ) a, E q. 2 -3
in  w h ich  v is P o is s o n ’ s ratio and a H and <jeq are h yd rosta tic  and  V o n  M ise s  stresses,
re sp e ctiv e ly . T h e  V o n  M ise s  stress and triax ia lity  fu n ction  w ere  ca lcu la ted  fr o m  fin ite  
e lem en t analyses. T h e  constants A a n d p  w ere  d e fin e d  usin g  tw o  exp erim en ta l p o in ts  on
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the S -N  cu rv e  (lo a d  versu s n u m ber o f  c y c le s  to  fa ilu re ) and m w a s  d e r iv e d  b y  fittin g  the 
cu rv e  o f  the p lastic  strain against stress in  a  p o w e r  la w  relationsh ip .
L ater, Im anaka et al. (2 0 0 3 )  studied  the d am age  e v o lu tio n  o f  a d h e s iv e ly  b o n d e d  butt 
jo in ts  w ith  a ru b b e r -m o d ifie d  a d h esive  under c y c l i c  loa d in g  u sin g  C D M . T h e y  first 
ob ta in ed  d am age  e v o lu tio n  cu rves  (F ig . 2 -7 )  b y  co n d u ct in g  a series o f  fa tigu e  tests.
IO3 K)4 10 s IO6
Number o f  stress cycles. N 
Fig. 2-7. Evolution of damage parameter with the number of stress cycles (Imanaka et al. (2003))
T o  ob ta in  a  d a m a ge  e v o lu t io n  cu rv e , the d am age  w as evaluated  in  the a d h es iv e  in  term s 
o f  the varia tion  o f  the r ig id ity  o f  the a d h esive  layer b y  u se o f  strain gau ges o n  the 
a d h es iv e  layer a cco rd in g  to E q . 2 -4 .
£> =  ! - % ■  E q. 2 -4E
w h ere  E and Ed represent apparent Y o u n g ’ s m o d u li o f  the u n d a m a g ed  and d a m a g ed  
m ateria l w h ic h  are the s lo p e  o f  the stress-strain  resp on se  at first and su bsequ ent c y c le s , 
re sp e ctiv e ly . T h e y  w ere  ca lle d  apparent Y o u n g ’ s m o d u li b e ca u se  the ou tpu t sign a l fro m  
the strain gau ges a lso  in v o lv e d  strain o f  the substrates, thus the s lo p e  o f  the strain-stress 
re sp on se  d o e s  n ot fu lly  agree  w ith  the Y o u n g ’ s m od u lu s  o f  the a d h es iv e  layer.
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H o w e v e r , the strain o f  the substrate d o e s  n o t vary  in  the fa tigu e p ro ce ss . A n  ex a m p le  o f  
stress-strain  resp on ses  at d iffe ren t n u m ber o f  c y c le s  is sh ow n  in  F ig . 2 -8 .
TOPU
<D
OO
Strain, e
Fig. 2-8. Typical stress-strain responses at different number of cycles (N) 
for A ct  =  3 3 . 7  MPa (Imanaka et al. (2003))
Im analca et al. (2 0 0 3 )  u tilised  a  d am age  m o d e l w ith  a sca lar d a m a g e  param eter (D)  
e v o lv in g  w ith  a k in etic  law , as fo l lo w s :
D — q
q =
a In CT
(1 - D f "
(l-2v)"+l(l + v)""
3 x  2 " ~ ' E " * '  (1 -  v )"4' 
a  =  Asm(2fitt) + B 
~  a
cr =
(1 -D )
E q. 2 -5
w h ere  A and  B are n om in a l stress am plitu de and n om in a l m ean  stress re sp e c tiv e ly , f  is 
stress fre q u e n cy , t is tim e, v is  P o is s o n ’ s ratio and n and S are m ateria l param eters that 
w ere  determ in ed  b y  ca libratin g  the dam age  m o d e l against the exp erim en ta l d a m a ge  
e v o lu t io n  cu rv es  (F ig . 2 -7 ) . T h is  d am age  m o d e l led  to a  d iffe ren tia l eq u a tion  w h ich  w a s
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solved analytically w ith  some sim plifications and numerically w ithout sim plifications. 
F inally, damage was determined as a function o f the number o f cycles and applied load. 
The analytical solution o f Eq. 2-5 was derived under the assumption o f a  = cr ignoring 
the effect o f damage variable on the effective stress ( S ), as follows:
D  =  1 - { l -  2 q N ^ A  +  B  - ( B - A  )2"*'} } +  Efl- 2‘ 6
CDM  was employed to predict fatigue damage in  bulk adhesive samples by H ilm y et 
al. (2006) and in  aluminium/epoxy single lap jo in t by H ilm y et al. (2007). They 
considered a damage equation as a function o f cycles and stress, as follows:
Z) = l - { l - ( ' P  + m + l / +" $  2 iv }p±>  Eq. 2-7
where <jeq is the Von Mises equivalent stress, Rv is a triax ia lity  function, m is a material
constant related to strain hardening and a and (3 are damage parameters. Two damage 
parameters a and (3 were found from  the curve fitting  process. This process led to 
different values o f a and (3 fo r different stress levels. By assuming that the damage 
in itia tion  occurs when D =1, the number o f cycles to failure ( N f )  can be determined 
from  Eq. 2-7 as follows:
N f  = TiTT T T /A+  R M 2 Eq. 2-8a(p  + m  +1)
However, they only predicted the number o f cycles to damage in itia tion.
2 . 3 . 3  F r a c t u r e  m e c h a n i c s
The fracture mechanics approach can be employed to predict the fatigue crack 
propagation life tim e. The number o f cycles to failure can be obtained by integrating a 
fatigue crack growth law from  in itia l to fina l crack length. This method can predict the 
fatigue propagation life tim e in  three steps (Fig. 2-9).
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Step I
Step II
Step III
First, the rate o f  cra ck  g ro w th  p er c y c le  (da/dN) sh ou ld  b e  determ in ed  as a fu n ctio n  o f  
a p p lied  m a x im u m  strain e n erg y  re lease  rate (G max). T h is  can  b e  a ch ie v e d  b y  co n d u ct in g  
short-term  fracture m ech a n ics  tests under c y c l i c  fa tigu e loa d in g . In the s e c o n d  step , the 
varia tion  o f  a p p lied  G max as a fu n ctio n  o f  cra ck  length  is d eterm in ed  a n a ly tica lly  o r  
com p u ta tion a lly . F in a lly , these data are c o m b in e d  and the resu lting  fa t ig u e  cra ck  g row th  
eq u a tion  is in tegrated  fr o m  in itia l to  fina l cra ck  length . T h e  three steps are ex p la in ed  in  
m o re  detail b e lo w .
2.3.3.1 Step I: Fatigue crack growth rate as a function of Gmax
T h e  m o s t  a ccep ta b le  and w id e ly  u sed  cra ck  g row th  la w  is the Paris la w  (E q . 2 -9 )  w h ich  
relates cra ck  g row th  rate to  va riou s  fracture m ech a n ics  param eters in c lu d in g  stress 
in ten sity  fa ctor , strain en erg y  re lease  rate (G )  and J-integral. It has b e e n  fo u n d  that the 
e m p lo y m e n t o f  G  fo r  crack s  a lo n g  the in terface  in  a b i m aterial sam p le  lik e  an a d h es iv e - 
substrate in terface  is m o re  su itable than stress intensity  fa c to r  (O 'B r ie n  (1 9 8 2 ) ) . 
F urtherm ore, in  a d h es iv e ly  b o n d e d  jo in ts  during  the u n loa d in g  part o f  the fa tigu e  c y c le ,  
the d e b o n d e d  su rfaces ca n  c o m e  in to  con ta ct, p reven tin g  the cra ck  fr o m  fu lly  c lo s in g . 
T h is  ca n  ca u se  an a rtific ia lly  h ig h  va lu e  o f  Gmin, and thus, e m p lo y in g  Gmax rather than 
A G  =  G max - G min is p re fera b le  (F ern ando et al. (1 9 9 6 )) .
Obtaining the relationship between the rate of crack growth and 
maximum strain energy release rate (Gmax)
da/dN = Fl(GmJ
Obtaining the variation of Gmax with crack length and maximum applied
load per unit width
Gmm= F 2(a,T)
Integrating the Paris law between initial to final crack length
rN r =  f  1 da
J da!dN
Fig. 2-9. Fatigue lifetime prediction using fracture mechanics approach
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da
~dN
= DG'L Eq. 2 -9
W h ere  D and n are m aterial constants and can  be  obta ined  from  c y c l i c  testing. E q. 2 -9  
d escr ib es  the linear portion  o f  the d a /d N  versus G max cu rve  w h en  p lotted  on  loga rith m ic  
a x is  (S e e  F ig . 2 -1 0 ) . T h is  is u sually  the m a jor  p ortion  o f  the re la tion sh ip  and o ften  Eq. 
2 -9  can  fit the data w e ll (A s h cro ft  and S h aw  (2 0 0 2 ) ) . A ltern ative ly , b y  u sin g  a m o d ifie d  
Paris la w  (E q . 2 -1 0 )  the fu ll cra ck  grow th  rate d escrip tion  in term s o f  G , in c lu d in g  the 
th resh old  and acce lera tin g  cra ck  grow th  reg ion s , can be con s id ered  (H a d a v in ia  et al. 
(2 0 0 3 a )) .
da _  „
dN -  D ° "
(
1 -
G, V 1
V max J
1 -
( G„ V2max
G
C /
E q. 2 -1 0
W h ere  G th is the m in im u m  o r  threshold  va lu e  o f  the app lied  G , b e lo w  w h ich  n o  fatigue 
cra ck  g row th  is o b se rv e d , G c is the a d h esive  fracture en ergy  and D , a , r\\ and n2 are 
m aterial constants w h ich  can  b e  a ch iev ed  from  fracture m ech a n ics  data ob ta in ed  under 
c y c l i c  loa d in g . D and n re fer to the linear reg ion , n/ to  the th resh old  reg ion  and n2 to  the 
fast fracture reg ion  (F ig . 2 -1 0 ).
Fig. 2-10. Schematic fatigue crack propagation curve
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The constants in the Paris and modified Paris law are considered to be adhesive system 
and test environment characteristics (Hadavinia et al. (2003b)) and hence the constants 
obtained from a simple standard test may be used for any other joint geometry having 
the same adhesive system and environmental conditions. However, an essential 
requirement for this statement is that the loci of joint failure are the same for the simple 
specimens as for the joint test specimens for which the fatigue lifetime under the fatigue 
tests is to be predicted.
The relationship between the crack growth rate and Gmax in the fatigue cycle, i.e. the 
constants in Paris law, can be determined by doing fracture mechanics tests. A Tapered 
Double Cantilever Beam (TDCB), shown in Fig. 2-11, is often used.
Adhesive
The fatigue test can be done under either displacement control or load control and 
published results in the literature indicate that the control mode does not affect the 
relationship between strain energy release rate and fatigue crack growth rate (Mall et al. 
(1987)). The strain energy release rate (G) behaves differently under load and 
displacement control modes. Ashcroft and Shaw (2002) showed that in displacement 
control, G decreases with crack length whereas in load control G increases with crack 
length (Fig. 2-12). Thus, since the crack growth rate is related to G, it is reasonable to 
predict that in load control crack growth is initially slow and then speeds up until the 
sample has completely failed. Conversely, in displacement control the crack initially 
grows rapidly followed by a slow propagation and finally arrests before complete 
failure, if G,h is reached. The latter behaviour can be useful, because it can cover the
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c o m p le te  range o f  a p p lied  fracture en erg y  Gmax fro m  Gth up  to  Gc and facilita tes 
d eterm in ation  o f  G,/, (F ern an do  et al. (1 9 9 6 ) ) .
Crack length (mm)
Fig. 2-12. Strain energy release rate as a function of crack length for a DCB in displacement and
load control (Ashcroft and Shaw (2002))
B y  assu m in g  linear e lastic  b eh a v iou r, E q. 2 -11  ca n  b e  d er iv ed  fo r  G  in  a p late  w ith  a 
th rou gh  th ick n ess  cra ck  and has b een  w id e ly  used  fo r  ca lcu la tin g  G  fo r  d o u b le  
ca n tilever  b ea m  (e .g . F ernan do et al. (1 9 9 6 ) , A s h c r o ft  et al. (2 0 0 1 ) , A s h c r o ft  and  S h a w  
(2 0 0 2 ) ) .
G  =  E q. 2 -11
2b da
in  w h ich  P is the a p p lied  loa d , b the sp e c im e n  w idth , a the cra ck  len gth  and C  the 
c o m p lia n c e  w h ich  is d e fin e d  as the d isp la cem en t d iv id e d  b y  the loa d . T h e  loa d , 
d isp la cem en t and cra ck  len gth  as a fu n ctio n  o f  the num ber o f  c y c le s  are d eterm in ed  
ex p erim en ta lly , th ere fore  E q. 2 -11  ca n  b e  e m p lo y e d  to  d ed u ce  the strain en erg y  re lease  
rate. B y  con s id e r in g  P as the m a x im u m  a p p lied  load , Gmax can  b e  determ in ed . T h e  
grad ien t dC/da can  b e  ca lcu la ted  u sin g  severa l m eth od s  in c lu d in g  b ea m  th eory  based  
m eth od  (H a sh em i et al. (1 9 8 9 ) ) , B erry  m eth od  (D a v ie s  (1 9 9 2 ) )  and p o ly n o m ia l m eth od  
(A s h c r o ft  and S h aw  (2 0 0 2 ) ) . T h ere fo re , Gmax can  b e  determ in ed  as a fu n ctio n  o f  the 
n u m ber o f  c y c le s .
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F urtherm ore, there are va riou s  a p p roa ch es  to  ca lcu la te  the cra ck  g row th  rate fr o m  the 
ex p erim en ta lly  m easu red  cra ck  length  as a fu n ction  o f  c y c le s , su ch  as the secan t m eth od  
(A s h c r o ft  and S h aw  (2 0 0 2 ) )  and the in crem en ta l p o ly n o m ia l m eth od  (F ern a n d o  et al. 
(1 9 9 6 ) ) . F in a lly , h a v in g  ob ta in ed  the Gmax and the cra ck  g row th  rate as a fu n ction  o f  
n u m b er o f  c y c le s , b y  co m b in in g  th em  the cra ck  g row th  rate can  b e  d eterm in ed  as a 
fu n ctio n  o f  Gmax.
2.3.3.2 Step II: Gmax as a function of crack length and maximum applied 
load
In tegrating  the Paris la w  and co n se q u e n tly  ob ta in in g  the fa tigu e p rop a g a tion  life tim e  
requ ires the representation  o f  G max in  term s o f  cra ck  length , and this n eed s to  b e  d on e  
fo r  e v e ry  jo in t  con fig u ra tion .
T h e  en erg y  cr iterion  fo r  cra ck  g row th  is based  o n  G r iffith ’ s h y p o th es is  w h ich  d escr ib es  
qu asi-sta tic  cra ck  p rop a g a tion  as the c o n v e rs io n  o f  the w o rk  d o n e  b y  external fo r c e  to 
e lastic  e n erg y  stored  in  the b u lk  sp e c im e n  (K in lo c h  (1 9 8 7 )) . A c c o r d in g  to  an en erg y  
cr iterion , the d r iv in g  fo r c e  fo r  cra ck  g row th  is the stored  e lastic  strain e n erg y  re lea sed  
w h e n  the cra ck  g row s . T h is  m ust b e  at least as great as the en erg y  requ ired  to  create  the 
n e w  su rfaces  (A s h c r o ft  et al. (2 0 0 1 )) .
T h ere  are a n u m ber o f  ana lytica l and com p u ta tion a l d escrip tion s  fo r  G max in  a s in g le  lap 
jo in t  lo a d e d  in  ten sion  as a  fu n ctio n  o f  the cra ck  length , fo r  a g iv e n  m a x im u m  a p p lied  
lo a d  p er unit w id th . H ad av in ia  et al. (2 0 0 3 b )  in vestigated  severa l an a ly tica l so lu tion s . 
A lth o u g h  the an alytica l so lu tion s  are s im p le  and stra ightforw ard , th ey  are o n ly  an 
a p p rox im a tion  and th ey  ca n n ot d istin gu ish  b e tw een  cra ck  g row th  c o h e s iv e ly  th rou gh  
the cen tre  o f  the a d h esive  layer and in terfa cia lly  at, o r  v e ry  c lo s e  to , the 
adh esive /substrate  in te r fa ce .
F in ite  e lem en t an a lysis ca n  b e  e m p lo y e d  to  ob ta in  G  in  any  jo in t  g e o m e try  and can  
m o d e l a c o h e s iv e  or  an in terfacia l cra ck . C u rley  et al. (2 0 0 0 ) u sed  the J-integral m eth od
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in  a  F E A  and fitted  a  p o w e r  la w  cu rve  to  fin ite  e lem en t data. W a h a b  (2 0 0 0 )  extracted  G 
fr o m  a F E  analysis u sin g  Irw in ’ s cra ck  c lo su re  tech n iqu e.
2.3.3.3 Step III: Integrating the Paris law
T h e  Paris la w  ca n  b e  in tegrated  to  g iv e  a p red ic tion  fo r  the c y c l i c  fa tigu e  life t im e  as 
fo l lo w s ,
E q - 2 - 12a0
Fracture m ech a n ics  assu m es an in itia l cra ck  o r  a  naturally o ccu rr in g  c ra ck  (a  G r iffith  
f la w ) in  the a d h esive  layer and then in vestigates its p rop agation  under the c y c l i c  fa tigu e  
loa d in g . T h e re fo re  in itial cra ck  length , ao, and a lso  fina l cra ck  len gth , ay, are n eed ed  fo r  
ca lcu la tion  o f  E q. 2 -1 2 . T h e  G riffith  f la w  s ize  ca n  b e  assu m ed  as in itia l f la w  s ize , a 0 
(H a d a v in ia  et al. (2 0 0 3 a )) ,
E G
an =
7icr
E q . 2 -1 3
in  w h ic h  c r / s  the ten sile  strength o f  the in vestiga ted  jo in t  as m easu red  fr o m  m o n o to n ic
lo a d in g  and Ea is  the Y o u n g ’ s m od u lu s  o f  the adh esive . T h e  fin a l c ra ck  len gth  (a/) can  
b e  co n s id e re d  as the cra ck  length  at w h ich  G reach es the m o d e  I fracture  tou gh n ess , 
w ith  the lim ited  va lu e  o f  h a lf  o f  the ov er la p  len gth  (W a h a b  et al. (2 0 0 2 ) ) .
W a h a b  et al. (2 0 0 2 )  p ro p o se d  a  p roced u re , so  that three steps ca n  b e  im p lem en ted  
w ith in  the fin ite  e lem en t c o d e  (F ig . 2 -1 3 )  and c la im ed  that the a p p rox im a tion s  o f  
s im p lif ie d  an alytica l ex p ress ion s  and the n eed  fo r  em p ir ica l cu rv e  fittin g  ca n  b e  
a v o id e d . Furtherm ore, a  g en era lised  a p p roa ch  to  any jo in t  co n fig u ra tio n s  and accurate 
fina l c ra ck  len gth  ca n  b e  a ch ie v e d  fro m  the m o re  accurate fin ite  e lem en t m o d e l.
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Fig. 2-13. FE numerical integration for fatigue crack growth lifetime prediction (Wahab et al. (2002))
T h e  fracture m ech a n ics  ap p roach  assu m es an initial cra ck  and then  in vestigates  its 
p rop a g a tion  under c y c l i c  fa tigu e  loa d in g , so  this ap p roach  assu m es that the fa tigu e  
life t im e  is  d om in a ted  b y  the cra ck  p rop a g a tion  and the in itiation  p o rtio n  o f  fa tigu e  
life tim e  is n eg le cted . T h ere fo re , it is o n ly  a p p lica b le  w h en  the in itiation  life tim e  is 
n e g lig ib le  in co m p a r iso n  w ith  the p rop agation .
T h e  fa tigu e  m o d e ls  ba sed  o n  Paris la w  relating the app lied  strain e n erg y  re lease  rate to  
fa tigu e  c ra ck  g row th  rate are v a lid  o n ly  under su ch  ideal c o n d it io n s  as linear e lastic  
fracture m e ch a n ics , sm a ll-sca le  y ie ld in g , con stan t am plitude lo a d in g  and lo n g  crack s. 
B e y o n d  th ese  param eters, the Paris la w  m a y  lo s e  its p red ictiv e  ca p a b ility . N u m erou s  
m o d ifica t io n s  h ave b e e n  p ro p o se d  to  adapt the Paris la w -b a sed  m o d e ls  to  a w id e r  rage 
o f  p ro b le m s . S o m e  o f  the m o d ifica t io n s  are the R  cu rve  (G ilb ert et al. (1 9 9 7 ) ) , sm all 
c ra ck s  (E lh ad d ad  et al. (1 9 7 9 ) ) , th resh old  lim its (D ru ck er  and P a lgen  (1 9 8 1 ) ) , variab le  
a m p litu d e  loa d s  and  o v e r lo a d s  (X u  et al. (1 9 9 5 ) )  and c lo su re  (F orm a n  et al. (1 9 6 7 ) ) . 
A lth o u g h  the Paris la w -b a se d  m o d e ls  h ave b e e n  w id e ly  e m p lo y e d  as a va lu a b le  
e n g in eerin g  p red ic tiv e  to o l fo r  fa tigu e life  p red ic tion , researchers h a v e  b e e n  seek in g  
alternatives so  that the c o m p lica te d  fa tigu e p h en o m e n o n  can  b e  stu d ied  in  m o re  detail 
and free  fr o m  the lim itation s m en tion ed  a b ov e .
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2 . 3 . 4  S t r e s s  s i n g u l a r i t y
S o m e  researchers h ave  u tilised  the p resen ce  o f  the th eoretica l stress sin gu larity  at the 
d a m a ge  in itia tion  p o in t  and tried  to  p red ict  the fa tigu e in itiation  life t im e  b y  study o f  the 
stress singu larity . L e fe b v re  and D illa rd  (1 9 9 9 ) p ro p o se d  a  fa tigu e in itia tion  cr iter ion  o n  
the basis  o f  the ob serv a tion  that cra ck  in itiation  takes p la ce  near the in terfa ce  corn er , in  
w h ich  the stress fie ld s  tend  to  b e  singu lar. T h e y  sh o w e d  that this cr iterion  ca n  b e  
u tilised  o n ly  under certa in  co n d it io n s  in c lu d in g  an ed g e  co rn er  a n g le  less  than 90 
d eg rees  and an a d h es iv e  to  substrate m od u lu s  ratio o f  less than 0 .1 . H o w e v e r , these 
co n d it io n s  are o ften  m et. T h e y  a lso  assu m ed  that the g eom etr ic  im p e r fe c t io n s  and the 
p la stic  z o n e  near the a p ex  are sm aller than the singu lar reg ion . T h e  m ain  param eters 
in v o lv e d  in  this cr iterion  are gen era lised  stress in tensity  fa cto r  (  Qk, )  w h ic h  is d ep en d en t
o n  loa d , and the singu lar e ig en v a lu e  (A ,) w h ich  is the ex p on en t o f  the s in gu lar term  in  
the stress d istribu tion  (E q . 2 -1 4 )  near the a p ex  and is d epen den t o n  the w e d g e  an g le  
( O )  (S e e  F ig . 2 -1 4 ) .
c « = f r  E q - 2 - 14
T h e y  u sed  a 3 -D  su rface  cr iterion  (F ig . 2 -1 5 ) , w ith  the vertica l a x is  represen tin g  
gen era lised  stress in tensity  fa cto r  and the tw o  h orizon ta l a xes  represen tin g  the 
e ig en v a lu e  and the n u m ber o f  c y c le s  to  in itiation . T h e  su rfa ce  is ob ta in ed  
ex p erim en ta lly  and ca n  b e  co n s id e re d  as a ch aracteristic o f  the b i-m a teria l system . In 
fa ct , th ey  gen era lised  H attori (1 9 9 1 ) ’ s static criterion  b y  a d d in g  a th ird  ax is  
co rre sp o n d in g  to  the n u m ber o f  c y c le s  to  in itiation  so  that the cr iterion  ca n  b e  adapted  
to  p red ict  fa tigu e  in itiation  life tim e .
33
Chapter 2
Literature review
"S-N" CURVE
HATTORI'S 2-D 
CRITERIO N
O WEDGE 
ANGLE H
5 g
LOG (NUMBER OF CYCLES 
TO INITIATION)
Fig. 2-15. Typical experimentally determined fatigue initiation criterion fora given biomaterial
system (Lefebvre and Dillard (1999))
Ish ii et al. (1 9 9 9 ) a lso  u tilised  a stress sin gu larity  based  m eth od  to  assess the cra ck  
in itia tion  th resh old . T h e y  b e lie v e d  that du e to  the c o m p le x  stress s in gu larity  f ie ld  o f  a 
b o n d e d  in terfa ce , the stress fie ld  ca m iot n ecessa rily  b e  fo rm u la ted  b y  con stan t 
sin gu larity  param eters, Q and X . T h ere fo re , th ey  p ro p o se d  an apparent stress in ten sity  
fa c to r  and  ord er o f  sin gu larity  ca lcu la ted  b y  a  least square m eth od  fr o m  the m a x im u m  
p rin cip a l stress d istribu tion s in  a  characteristic  range near the sin gu larity  po in t. T h e y  
ob ta in ed  a fa tigu e  cra ck  in itia tion  criterion  to  evaluate the en duran ce  lim it (F ig . 2 -1 6 ) .
o  S in g le  la p  jo in t 
a  S in g le  s te p  d o u b le  la p  jo in t 
P C ra cke d  s in g le  lap  jo in t 
•  C ritica l va lu e
C fa ck  in itia tio n  c r ite rio n
0  0 .2  0 .4
A pparent ord er o f s tress  singularity X
Fig. 2-16. Fatigue crack initiation criterion using stress singularity parameters (Ishii et al. (1999))
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T o  in crease  the a ccu ra cy  o f  the gen era lised  stress intensity  fa c to r  m eth od , L azzarin  et 
al. (2 0 0 2 )  p ro p o s e d  a  tw o -te rm  stress fu n ctio n  approach . T h e y  c la im e d  that the s e co n d  
term  o f  the stress fu n ction  ca n  b e  v e ry  im portant at fin ite  d istances fr o m  the apex . T h e y  
e m p lo y e d  this m eth od  to  eva luate the singu lar stress f ie ld  in  b o n d e d  jo in ts . Q u aresim in  
and R ico tta  (2 0 0 6 )  m ad e  u se  o f  tw o  m eth od s  fo r  fatigue life  p re d ic t io n  o f  b o n d e d  jo in ts  
in  c o m p o s ite  m aterials. T h e y  u sed  a gen era lised  stress in tensity  fa c to r  m e th o d  fo r  the 
fa tigu e  in itia tion  ph ase and a Paris la w  ba sed  m eth od  fo r  the fa tigu e  p rop a g a tion  p h ase  
(F ig . 2 -1 7 ) .
0 AH«vsNi N, SE R R  vs (Ia/dN.
Life to crack 
initiation
L ife  for crack 
propagation
Nf
Fig. 2-17. Generalised stress intensity factor and Paris-law based methods for modelling of the two 
phases of the joint fatigue life (Quaresimin and Ricotta (2006))
H o w e v e r , ca lcu la tin g  the s ingu larity  param eters are n ot stra ightforw ard  and  m a y  requ ire  
cu m b e rso m e  and r ig orou s  an alytica l a n d /or  n u m erica l e ffo rts  and  in  ord er  to  a ccu ra te ly  
determ in e  the singu larity  d eg rees  and in tensities, the m esh  in  v ic in ity  o f  the singu lar 
p o in t  n eed s  to  b e  su ffic ie n tly  re fin ed  so  that the ex trapola tion  m e th o d  ca n  lead  to  a 
re lia b le  so lu tio n  (A k isa n y a  (1 9 9 7 ) ) . M o re o v e r , this approach  ca n n ot study p ro g re ss iv e  
d a m a g e  in  the in itia tion  ph ase  and s in ce  it is ba sed  on  an e lastic  stress f ie ld , it m a y  n ot 
b e  appropria te  fo r  in e lastic  p rob lem s.
2 . 3 . 5  C o h e s i v e  z o n e  m o d e l
T h e  C o h e s iv e  Z o n e  M o d e l (C Z M ) ca n  b e  co n s id e re d  as an ex te n s io n  o f  fracture 
m e ch a n ics -b a s e d  m eth od s  w ith ou t m a n y  o f  the lim ita tion s o f  fracture m ech a n ics .
2.3.5.1 Introduction and background
T h e  C Z M  has re cen tly  r e ce iv e d  con s id era b le  attention  and has b e e n  e m p lo y e d  fo r  a 
w id e  va riety  o f  p ro b le m s  and m ateria ls in c lu d in g  m etals, ce ra m ics , p o ly m e rs  and
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co m p o s ite s . T h is m o d e l w a s  d e v e lo p e d  in  a con tin u u m  d am age  m e ch a n ics  fra m e w o rk  
and m a d e  u se  o f  fracture m ech a n ics  c o n ce p ts  to  im p rov e  its a p p lica b ility . S o m e  o f  the 
m a in  advan tages o f  the C Z M  o v e r  other m eth od s , in c lu d in g  fracture m e ch a n ics , 
co n tin u u m  d am age  m e ch a n ics , stress singu larity  b a sed  and to ta l-life  a p p roa ch es , are:
• in d ica tin g  b o th  d am age  on set and  g row th  as d irect outputs o f  the m eth od ,
• p red ictin g  the b eh a v iou r  o f  u n crack ed  m ateria ls w ith ou t the n eed  to  in trod u ce  a 
p re -ex is tin g  crack ,
• a d v a n cin g  the cra ck  fron t w h en  the lo ca l en ergy  re lease  rates reach  a cr itica l 
va lu e  w ith ou t the n eed  to  im p lem en t c o m p le x  m o v in g  m esh  tech n iq u es ,
• con s id e r in g  n on -s in g u la r  stress and strain at the cra ck  fron t and  co n se q u e n tly  
a v o id in g  the n eed  to  use singu lar e lem ents an d /or  a  h ig h ly  r e fin e d  m esh  arou nd  
the c ra ck  front.
T h e  b a s ic  id ea  o f  the C Z M  orig in ated  fr o m  the ob serv a tion  that as the d istan ce  b etw een  
tw o  a to m ic  p lan es w ith in  the m ateria l (o r  at the in terface ) in creases  the co h e s io n  fo r c e s  
in itia lly  g r o w  in  in tensity , reach  a m a x im u m  va lu e  and then any  further separation  w ill  
resu lt in  a  rap id  d ecrea se  o f  the intensity. T h is  s im p le  idea  led  to  the e ff ic ie n t  c o h e s iv e  
d a m a g e  z o n e  m o d e l w h ic h  ca n  o v e r c o m e  the lim itations and d ra w b a ck s  o f  the m eth od s  
b a sed  o n  fracture m ech a n ics  and stress singu larity  based  m eth od s . A  sch em a tic  c o n c e p t  
o f  the C Z M  is sh o w n  in  F ig . 2 -1 8 .
T h e  C Z M  co m b in e s  strength -based  fa ilu re  cr iterion  to  p red ict the d a m a ge  in itiation  
(so fte n in g  p ro ce ss  on se t) and fracture m ech a n ics -b a sed  criterion  to  determ in e the 
d am age  p rop a ga tion . A lth o u g h  n u m erou s m o d ifica tio n s  have b e e n  m a d e  to  C Z M s  and 
research ers h ave adapted  the m o d e l to their particu lar p ro b le m s , still the fu n dam en ta l 
c o n c e p t  rem ains essen tia lly  u n ch a n ged . T h e  param eters in v o lv e d  in  the traction - 
separation  la w  in c lu d e  separation  (the re la tive  d isp lacem en ts o f  the a d ja cen t su rfa ces), 
traction  b e tw een  the su rfaces and the d issipated  en ergy  du rin g  the d a m a g e  in itiation  and 
p rop a g a tion  p ro ce sse s  (w h ich  is the area under the traction  separation  cu rv e ).
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Fig. 2-18. Schematic damage process zone and corresponding traction-separation law in an
adhesively bonded joint
T h e  C Z M  w a s o r ig in a lly  in trod u ced  b y  B arenblatt (1 9 5 9 , 1 962 ), based  on  the G riffith 's  
th eory  o f  fracture. H e assu m ed  that fin ite  m o le cu la r  co h e s io n  fo r c e s  ex is t  near the cra ck  
fa ce s  and d escr ib ed  the cra ck  p rop a ga tion  in p er fe ctly  brittle m ateria ls u sin g  h is m o d e l. 
T h en , D u g d a le  (1 9 6 0 )  co n s id e re d  the ex is ten ce  o f  a p rocess  z o n e  at the crack  tip  and 
ex ten d ed  the ap p roach  to  p e r fe ctly  p lastic m aterials. H e postu lated  the co h e s iv e  stresses 
in the C Z M  to  b e  constant and equal to the y ie ld  stress o f  m aterial. In both  o f  their 
th eoretica l a p p roa ch es , the cra ck  w as d iv id e d  in to tw o  parts: a traction  free  part and a 
tran sm ission  part h a v in g  fin ite  tractions b etw een  the cra ck  su rfaces  (S e e  F ig . 2 -1 9 ) . 
M o re o v e r , the tractions in the c o h e s iv e  z o n e  w ere  assum ed  to  f o l lo w  a p rescrib ed  
d istribu tion  and as a fu n ction  o f  the cra ck  tip  d istance coord in a te .
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F or  the first tim e, H ille rb o rg  et al. (1 9 7 6 ) im p lem en ted  C Z M  in  the com p u ta tion a l 
fra m e w o rk  o f  F E M . T h e y  p ro p o s e d  a fic tit iou s  cra ck  m o d e l fo r  ex a m in in g  cra ck  g row th  
in  cem en titiou s  co m p o s ite s . C ontrary  to  p re v io u s  w ork s , w h ere  the c o h e s iv e  z o n e  
traction s had  b e e n  d e fin e d  as a fu n ctio n  o f  the cra ck  tip  d istance , th ey  d e fin e d  traction s 
versu s the c ra ck  op e n in g  d isp la cem en t and con seq u en tly  the p re v a ilin g  d escr ip tion  o f  
C Z M  in  the fo rm  o f  a traction -separation  la w  w a s  fo rm ed . O ther research ers tried  to 
im p ro v e  the m o d e l b y  p ro p o s in g  va riou s  traction -separation  fu n ction s  and a p p ly in g  the 
m o d e l to  d iffe ren t p ro b le m s  and d iffe ren t m ateria ls, such  as the fracture o f  m eta ls, 
p o ly m e rs , ce ra m ics , co m p o s ite s  and their c o m p o s it io n s . H o w e v e r  the m a in  d iffe re n ce  in  
m o s t  o f  th em  lay  in  the shape o f  the traction -separation  resp on se  and the p ro b le m s  to  
w h ich  the m o d e l w a s a p p lied ; the fundam ental c o n ce p t  rem ained  e ssen tia lly  u n ch a n ged . 
F or  e x a m p le , N eed lem a n  su ggested  a n u m ber o f  d ifferen t fu n ction s  fo r  traction - 
separation  re la tion sh ip  in c lu d in g  p o ly n o m ia l (N eed lem a n  (1 9 8 7 ) )  and exp on en tia l 
(N e e d le m a n  (1 9 9 0 ) ) . S o m e  oth er traction -separa tion  fu n ction s  ca n  b e  fo u n d  in  T a b le  
2 -1 . M o r e  details a bou t the d iffe ren t fu n ction s  ca n  b e  fo u n d  in  C handra  et al. (2 0 0 2 ) . In 
m o s t  o f  th em , the traction  across  the in terfa ce  in creases w ith  in crea sin g  separation  up  to 
a cr itica l p o in t  and then any  further in terfa ce  separation  leads to  a  d ecrea se  o f  traction , 
fin a lly  a  z e ro  va lu e  o f  traction  s ig n ifies  c o m p le te  d e co h e s io n . A  su m m ary  o f  k e y  
con tr ib u tion s  to  C Z M  is g iv e n  in  T a b le  2 -1 .
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Table 2-1. Key contributions to CZM
Researcher contribution / Proposed TSL Solved problem
Barenblatt 
(1959, 1962) introduction of cohesive concept perfectly brittle materials
Dudgale
(1960) perfectly plastic materials
Hillerborg et al. 
(1976) implementation of CZM in finite element methods
brittle fracture such as in 
cementitious composites
Needleman
(1987)
TSL with polynomial fit for normal and linear fit 
for shear particle-matrix decohesion
Needleman
(1990a)
TSL with exponential fit for normal and linear fit 
for shear Particle-matrix decohesion
Needleman
(1990b)
TSL with exponential fit for normal and 
trigonometric fit for shear
Decohesion of interface under 
hydrostatic tension
Tvergaard 
and Hutchinson 
(1992)
TSL with trapezoidal shape
Crack growth in elasto-plastic 
material, peeling of adhesive 
joints
Xu and
Needleman
(1993)
TSL with exponential fit for both normal and 
shear Particle-matrix decohesion
Camacho and
Ortiz
(1996)
linear TSL
multiple cracks propagation along 
arbitrary paths during impact 
damage in brittle materials
Geubelle and
Baylor
(1998)
bi-linearTSL Delamination under iow-velocity impact
Foulk et al. (1998) introduction of cyclic loading to CZM
continuous fiber titanium metal 
matrix composite under cyclic 
loading
Nguyen et al. 
(2001)
hysteric loading and unloading behaviour in CZM 
/ Linear TSL
2.3.5.2 Traction-separation law (TSL) parameters
T o  stu dy  the in terface  u sin g  a T S L , so m e  param eters n eed  to  b e  sp e c if ie d . F or  
s im p lic ity  a  m o d e -in d ep en d en t T S L  is co n s id e re d  in  this in itial d escr ip tion . T h e  
d e fin in g  param eters w h ich  are requ ired  to  fu lly  determ ine a T S L  are as fo l lo w s  (S e e  
F ig . 2 -2 0 ) :
• the in itial stiffn ess  p r io r  to  d am age  on set ( Eo, d e fin e d  as traction  d iv id e d  b y  
separation , h a v in g  a  unit o f  N /m 3),
• the p ea k  va lu e  o f  traction  (tripp in g  traction , 7 ),
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• the requ ired  en erg y  (fractu re  en ergy , Gc) to  create a unit area o f  fu lly  d e v e lo p e d  
cra ck  w h ich  is equal to the area beneath  the traction -separation  cu rv e  (E q . 2 -1 5 )  
and,
• the shape o f  stra in -so ften in g  branch.
Gc = jV (5 )c/5  E q. 2 -1 5
Traction (f)
Fig. 2-20. Schematic traction-separation law
T h e  initial stiffn ess  (Eq) is o ften  treated as penalty  param eter and is n ot a p h y s ica lly  
m easu rab le  quantity. E0 m ight b e  ch o se n  as h igh  as p oss ib le  so  that the in terface  d o e s  
n ot in flu en ce  the overa ll c o m p lia n ce  b e fo re  dam age  in itiation , but fro m  a num erica l 
p ersp ective  it can n ot b e  in fin ite ly  large o th erw ise  it leads to  i l l-c o n d it io n in g  or  
n um erica l d iv erg en ce .
T h e  tripp in g  traction  is related to the length  o f  the p rocess  z o n e  and to the tensile  
strength o f  the m aterial and is d if ficu lt  to m easure exp erim en ta lly  (A lfa n o  (2 0 0 6 ) ) . 
T h e re fo re , so m e  researchers (D ie h l (2 0 0 8 a , 2 0 0 8 b ))  even  treated the co h e s iv e  strength 
as a penalty  param eter. S o m e  other researchers con s id ered  this param eter from  an 
e n g in eerin g  p ersp ective . T h e y  sh o w e d  that i f  the tripping traction  is large en ou g h , then 
the so lu tion  o f  the p rob lem  w ill not s ig n ifica n tly  d epend  u p on  it. H o w e v e r , it is w orth  
n otin g  that ch o o s in g  a v e ry  h igh  va lu e  o f  c o h e s iv e  strength w ill result in the n eed  fo r  a 
h igh  m esh  re fin em en t w h ich  is com p u ta tion a lly  ex p en s iv e  (A lfa n o  and C r is fie ld
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(2 0 0 1 ) ) . L iljed a h l et al. (2 0 0 6 ) studied  the e ffe c t  o f  the tripp in g  traction  va lu e  o n  the 
fa ilu re  lo a d  and d iv id e d  the tripp in g  traction  range in to  three reg ion s . In  the lo w e r  and 
h igh er tr ipp in g  traction  va lu e  reg ion s , the fa ilu re  loa d  is h ig h ly  d ep en d en t o n  the 
c o h e s iv e  strength but in  the in term ediate reg ion , the fa ilu re lo a d  is less  d ep en d en t on  
c o h e s iv e  strength. F urtherm ore, c h o o s in g  a  c o h e s iv e  strength in  the h ig h er  re g io n  m ak es 
the an a lysis m esh  d epen den t and exp erim en ta lly  ex p en s iv e . T h ereb y , th ey  su ggested  
u sin g  a tripp in g  traction  fr o m  the in term ediate re g io n  fo r  the traction -sep ara tion  law . 
H o w e v e r , there seem s to  b e  n o  p h y s ica l rea son  w h y  the m o d e l sh ou ld  n o t operate  in  
either o f  the first tw o  reg ion s  d ep en d in g  o n  the a d h esive  d u ctility  and con seq u en t 
p ro ce ss  zo n e .
T h e  fracture en erg y  (G c) , the area b e lo w  the traction -separa tion  cu rv e , is the m o st  
im portant param eter w h ich  is o ften  ava ilab le  in  literature o r  ca n  b e  d eterm in ed  b y  
m ean s o f  s o m e  standard experim en ta l tests. S o m e  researchers (e .g . T vergaard  and 
H u tch in son  (1 9 9 2 ) , M o h a m m e d  and L ie ch ti (2 0 0 0 ) , R ahu lkum ar et al. (2 0 0 0 ) )  a ssu m ed  
that the in flu e n ce  o f  the shape o f  stra in -soften in g  branch  o n  results ca n  b e  d isregarded . 
O ther researchers (R o ts  (1 9 8 6 ) , C handra  et al. (2 0 0 2 ) )  em p h a sised  that the shape o f  
stra in -so ften in g  bran ch  ca n  s ig n ifica n tly  in flu en ce  the in terfa ce  resp on se . T h e y  
su ggested  that in  ord er  to  ob ta in  a m ea n in g fu l sim ulation  b a sed  o n  the C Z M , an 
appropria te  shape o f  so ften in g  cu rve  sh ou ld  b e  u tilised  d ep en d in g  o n  the m ateria l 
system  and the in elastic p ro ce ss  o ccu rr in g  at the m icro m e ch a n ica l lev e l. F urtherm ore, 
C handra  et al. (2 0 0 2 )  in vestiga ted  tw o  so ften in g  bran ch  shapes (b i-lin e a r  and 
ex p on en tia l) , w h ich  are the m o st  p ractica l on es , and com p a red  their in flu e n ce s  o n  the 
m e ch a n ica l b eh a v iou r  o f  in terfa ce  in  p u sh -ou t tests (F ig . 2 -2 1 ).
T h e y  fo u n d  that the b i-lin ea r C Z M  co u ld  rep rod u ce  the m a c r o s c o p ic  m ech a n ica l 
re sp on se  and fa ilu re  p ro ce ss  in  their p ro b le m  w h ilst the ex p on en tia l fo rm  d id  not. 
A lfa n o  (2 0 0 6 )  sh o w e d  that the in flu en ce  o f  the shape o f  the so ften in g  cu rv e  d e p en d ed  
o n  the p ro b le m  and, d ep en d in g  o n  the ratio b e tw een  the in terface  tou g h n ess  and the 
s tiffn ess  o f  the b u lk  m ateria l, ca n  b e  s ig n ifica n t or  n e g lig ib le . M o r e o v e r , h e o b se rv e d  
that in  all o f  the ca ses  h e stu d ied , the in flu en ce  o f  the so ften in g  bra n ch  shape b e ca m e  
s ig n ifica n t o n ly  in  the v ic in ity  o f  the m a x im u m  a p p lied  load .
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Fig. 2-21. Schematic of push-out test and employed bi-linear and exponential TSLs (Chandra et al.
(2002))
2.3.5.3 Fatigue modelling using the CZM
T h e co h e s iv e  z o n e  m o d e l has b een  e m p lo y e d  fo r  p red ictin g  the fa tigu e resp on se  o f  
structures b y  severa l authors. T h e y  c o u p le d  C Z M  w ith  a fatigue d a m a g e  e v o lu tio n  la w  
to  sim ulate fatigue degradation . T h e p red ictiv e  fatigue m o d e ls  d e v e lo p e d  based  on  the 
C Z M  can  be  ca teg orised  in to three m ain  g rou p s (see  F ig. 2 -2 2 )  in c lu d in g : a ) the m o d e ls  
w h ich  an a lyse  ev ery  fa tigu e c y c le  (term ed  c y c le -b y -c y c le  based  m o d e ls ) , b )  the m o d e ls  
w h ich  an a lyse  a certain  set o f  loa d in g  c y c le s  and use extrap o la tion  tech n iq u es , and c )  
the m o d e ls  based  on  m a x im u m  fatigue load  con d ition s .
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Fig. 2-22 Different approaches in predictive fatigue models based on CZM
Cycle-by-cycle based fatigue models
S o m e  authors (F o u lk  et al. (1 9 9 8 ) , d e -A n d re s  et al. (1 9 9 9 ) , N g u y e n  et al. (2 0 0 1 ) , R o e  
and S ieg m u n d  (2 0 0 3 ) , U ral and P a p ou lia  (2 0 0 4 ) )  m o d e lle d  fa tigu e  lo a d in g  u sin g  c y c le  
b y  c y c le  m eth od s . F ou lk  et al. (1 9 9 8 )  e m p lo y e d  a C Z M  to  in vestigate  in terfa cia l fa ilu re 
u nder c y c l i c  lo a d in g  and ad d ed  an u n loa d in g  co n d it io n , but in  that m o d e l u n loa d in g  and 
su b sequ en t re loa d in g  fo l lo w e d  the sam e path w ith ou t further p rog ress  in  m ateria l 
degrad ation . D e -A n d re s  et al. (1 9 9 9 )  in trod u ced  a d am age param eter in to  the m o d e l. 
H o w e v e r , there w a s n o  c y c l i c  d egrad ation  o f  the T S L  param eters. S im ila r  to  F o u lk  et al. 
(1 9 9 8 )  th ey  a lso  u sed  e lastic  u n loa d in g  and su bsequ ent re loa d in g , i.e . the u n loa d in g  and 
su b sequ en t re loa d in g  paths fo l lo w e d  the sam e lin e  tow ards the m o n o to n ic  tra ction - 
separation  e n v e lo p e  and n o  d istin ction  w a s m ad e  b etw een  them , as sh o w n  in  F ig . 
2 -2 3 (a ) . N g u y e n  et al. (2 0 0 1 )  revea led  that a d istin ction  b e tw e e n  u n loa d in g  and 
re lo a d in g  is n ecessa ry  to  a llo w  cra ck  g row th  in  c y c l i c  loa d in g . It w a s  fo u n d  that 
c h o o s in g  a  linear u n loa d in g  and  re loa d in g  w ill lead  to  cra ck  arrest a fter a  fe w  c y c le s  due 
to  p la stic  sh a k ed ow n . A  h ysteretic  lo a d in g  and u n loa d in g  is sh o w n  in  F ig . 2 -2 3 (b ) .
N g u y e n  et al. (2 0 0 1 )  and R o e  and S ieg m u n d  (2 0 0 3 ) d e v e lo p e d  the c o h e s iv e  z o n e  
a p p roa ch  fo r  fa tigu e d am age  b y  d eg ra d in g  the stiffn ess and tr ipp in g  traction  as the 
n u m ber o f  c y c le s  in creases. T h e y  in corp ora ted  an irreversib ly  h ysteretic  u n loa d in g  and 
re lo a d in g  e ffe c t  in  the c o h e s iv e  m o d e l during  the c y c l i c  loa d in g .
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Fig. 2-23. Schematic unloading and reloading traction-separation during cycling loading,
a) elastic, b) hysteretic
N g u y e n  et al. (2 0 0 1 )  used  a linear T S L  and su ggested  that the in itial re loa d in g  stiffn ess  
and the peak  traction  d e ca y  ex p on en tia lly  w ith  the num ber o f  c y c le s , but the u n loa d in g  
stiffn ess , based  on  the a n a log y  to an e la stic -d a m a ged  so lid , a lw a ys  takes p la ce  tow ard s 
the o r ig in  o f  traction -separation  axes (see  F ig . 2 -2 4 ). T hus the u n loa d in g  stiffn ess  ( K ~ ) 
can  b e  d e fin e d  as:
T  max
E q. 2 -1 6
In w h ich  Tmax and 8max are the traction  and op en in g  d isp la cem en t at the p o in t o f  load  
reversa l, re sp ectiv e ly , as sh ow n  in F ig . 2 -2 4 . T he initial re loa d in g  s tiffn ess  ( K +N ) and 
traction  ( TN) after N c y c le s  can  b e  determ in ed  as fo l lo w s :
IS + ISf IS +A  N — e A 0
_ -  NSq / S f rpTN — e 0
E q. 2 -1 7  
E q. 2 -1 8
w h ere  6 0 is the m a x im u m  o p e n in g  d isp la cem en t at first loa d in g  c y c le  and 5 / is the 
ch aracteristic  op e n in g  d isp la cem en t w h ich  can  b e  d e fin ed  as:
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r  l o g (TK/TH+l) l o g ( K + /K + . , )  q - '
Fig. 2-24. Cyclic cohesive law with unloading-reioading hysteresis used by Nguyen et al. (2001)
R o e  and S ieg m u n d  (2 0 0 3 )  stu d ied  fa tigu e cra ck  g row th  o n  the in terfa ce  u sin g  
e x p on en tia l traction -separation  law s in  n orm al and shear. T h e y  co n s id e re d  a d am age  
param eter (Dc) due to  the c y c l i c  loa d in g  and d egraded  the in itial tr ip p in g  traction  
( a max0)  a c co rd in g  to  the d am age  param eter (E q . 2 -2 0 ).
E q . 2 -2 0
T h e  c y c l i c  d am age  param eter w a s  e v o lv e d  a cco rd in g  to  a d a m a ge  e v o lu t io n  la w (Z )c ) .
T h e y  b e lie v e d  that the s p e c if ica t io n  o f  the m o n o to n ic  co h e s iv e  e n v e lo p e  is n ot en ou g h  
fo r  fa tigu e  ap p lica tion s , th ere fore  th ey  d e v e lo p e d  an irreversib le  C Z M  in co ip o ra t in g  (a ) 
loa d in g -u n lo a d in g  co n d it io n s  in  b o th  n orm al and shear separation  in  the c o h e s iv e  z o n e , 
(b )  the e f fe c t  o f  a ccu m u la tion  o f  d a m a ge  du rin g  subcritica l c y c l i c  lo a d in g  (the lo a d in g  
c y c le s  h a v in g  an am plitu de under the th resh old  fo l lo w e d  b y  the in itial lo a d in g  c y c le s  
w ith  am p litu d e  a b o v e  the th resh old ) and, ( c )  c ra ck  su rface  con tact. F urtherm ore, th ey  
a p p lied  an e la stic -p la stic -d a m a g e  m o d e l fo r  d e co h e s io n , i.e . u n loa d in g  o ccu rs  w ith  the 
stiffn ess  o f  the c o h e s iv e  z o n e  at ze ro  separation . U se  o f  the e la stic -p la stic -d a m a g e
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m o d e l w a s  in  a cco rd a n ce  w ith  the requ irem en t that the C Z M  takes in to  a cco u n t the 
residu a l d e fo rm a tion  o f  the a d h esive  du e to  the stretch ing o f  p o ly m e r  ch a in s after 
u n loa d in g . T h e  p r o p o s e d  e v o lu tio n  o f  d am age  o w in g  to  the c y c l i c  lo a d in g  w a s  as 
fo l lo w s :
D =
A u\ TA r
f
and Dc > 0 ,  A u > 8 0
E q. 2 -21
Au < 8 ,'0
Au ~ tJa u 2 + A u f, Au ~ A w (/) -  A  w (' Al\ E q . 2 -2 2
T =  +T j / (2e q 2), E q . 2 -2 3
c f  =  a f  0 < C / < 1  E q . 2 -2 4
w h ere  8 0 is the m aterial separation  co rre sp o n d in g  to  the tripp in g  traction  in  T S L , A u n 
and A u t are p e e l and shear separations resp ectiv e ly , Au and Au are resultant 
separation  and its in crem en t resp ectiv e ly , Tn and T, are p e e l and shear traction s 
re sp e ctiv e ly , ( 2 eq2) is a  fa cto r  g iv in g  equ a l w e ig h t to  b o th  traction  co m p o n e n ts , C f is 
the ratio o f  c o h e s iv e  z o n e  en duran ce  lim it ( a f ) and  the in itial u n d a m a ged  co h e s iv e  
n orm a l strength, 8 Z is the a ccu m u la ted  co h e s iv e  length  and is u tilised  to  sca le  the 
n orm a lised  in crem en t o f  the e ffe c t iv e  m aterial separation. T h e  p h y s ica l m ea n in g  o f  8 S 
is the a ccu m u la ted  e ffe c t iv e  separation  n ecessa ry  to  fa il the co h e s iv e  z o n e  and ca n  b e  a 
m u ltip le  o f 5 0 .
A c c o r d in g  to  E q . 2 -21  the d am age  starts to  b e  a ccu m u la ted  o n ly  w h en  the resultant 
separation  (Au)  e x ce e d s  8 0 and the resultant traction  (T  )  e x ce e d s  the en du ran ce  lim it 
( a f ). S in ce  the c y c l i c  d a m a ge  sh ou ld  b e  con sisten t w ith  m o n o to n ic  lo a d in g , th ey  a lso  
p r o p o s e d  e v o lu tio n  o f  d a m a ge  du e to  m o n o to n ic  loa d in g  as fo l lo w s :
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• _  m a x (A w (0 ) -  m ax(A w  (' A/))
, i f  m a x (A w (/ A° ) > 8 0 E q. 2 -2 5
and fin a lly , the current d a m a ge  ca n  b e  d e fin e d  b y  co n s id e r in g  the m a x im u m  va lu e  o f  
d a m a g e  e v o lu tio n s  du e to  c y c l i c  o r  m o n o to n ic  loa d in g , as fo l lo w s :
T h e  m ateria l param eters in v o lv e d  in  this m o d e l are as fo l lo w s :
T h e  tr ipp in g  traction  fo r  u n d am aged  m aterial ( d max 0),
- T h e  separation  ( 8 0 )  co rre sp o n d in g  to  ( a max 0),
T h e  en duran ce  lim it ( <J f ) , and 
T h e  a ccu m u la ted  c o h e s iv e  len gth  ( S 2 ).
T h e  first tw o , a lo n g  w ith  the fracture en erg y , are requ ired  to  d e fin e  the m o n o to n ic  T S L  
and the last tw o  are requ ired  fo r  c y c l i c  d am age  ev o lu tio n  law . T o  d e fin e  the c o h e s iv e  
z o n e  p rop erties  under m o n o to n ic  loa d in g  ( a max 0 and  8 0 ), a d o u b le -ca n tile v e r  b e a m  w a s
tested  under d isp la cem en t con tro l and exp erim en ta l loa d  vs. cra ck  o p e n in g  d isp la cem en t 
data w e re  co m p a re d  w ith  n u m erica lly  p red icted  data. M o re o v e r , param etric  studies w ere  
p e r fo rm e d  to  fin d  g f and 8 S . T h is  m o d e l w a s u sed  to  p red ict the fa tigu e  resp on se  o f
three jo in t s  in c lu d in g  d o u b le -ca n tile v e r  b ea m  (D C B ), e n d -lo a d e d  sp lit (E L S ) and 
m ix e d -m o d e  b ea m  (M M B ) sp ecim en s , sh o w n  in  F ig . 2 -2 5 . A l l  the jo in t s  w ere  m a d e  o f  
a lu m in iu m  substrates b o n d e d  w ith  a m o d ifie d  h igh -d en sity  p o ly e th y le n e  (H D P E ) ba sed  
th erm op la stic  adh esive .
E q . 2 -2 6
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Fig. 2-25. a) Double-cantilever beam (DCB), b) End-loaded split (ELS) and c) Mixed-mode beam 
(MMB) specimens (Roe and Siegmund (2003))
Fig . 2 -2 6  sh ow s  a typ ica l tra ction -sep a ra tion  b eh a v iou r o f  the D C B  sp e c im e n  p red icted  
b y  R o e  and S iegm u n d  (2 0 0 3 )  based  on  a c y c le -b y -c y c le  analysis .
Au„/d'0
Fig. 2-26. Degraded traction-separation response for DCB (Roe and Siegmund (2003))
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U ral and P a p ou lia  (2 0 0 4 )  d egra d ed  stiffn ess and tripp ing traction  du rin g  the c y c l i c  
lo a d in g  (E q . 2 -2 7 ) . T h e y  p ro p o se d  a  T S L  as fo l lo w s :
T = F(D)  6 ,
C(D) = ac( l -D ) ,
E q. 2 -2 7
F(D)  =  — CTc(1~ P ) — ,
D( 8 . - 8 . ) +  8 ,
in  w h ich  D  is  dam age  param eter, T is traction , <7C and C(D)  are intact and d egra d ed
trip p in g  traction s, re sp ectiv e ly , F(D )  is degrad ed  stiffn ess and Sc and 8 „ are
separations co rre sp o n d in g  to  d am age  in itiation  and co m p le te  separation , re sp ectiv e ly . 
T h e  e v o lu t io n  o f  the d a m a ge  param eter w a s con s id ered  as:
D =
aD(T-^C(D)}{b) if  8 > 0  , T < C ( D )
if 8 < 0 , T < C ( D )  E q. 2 -2 8
if 8 >  0 , T  =  C(D)
w h ere , a  is a  param eter to  tune the rate o f  d am age  ev o lu tion , (3 is a m ateria l param eter 
w h ich  represents the th resh old  fo r  e v o lu tio n  o f  d am age, 8 is the rate o f  d e form a tion , 
( }  is the M a ca u la y  brack et and X is free  variab le . A  d egra d ed  T S L  fo r  lo w -c y c le  
fa tigu e  u sin g  a  c y c le -b y -c y c le  analysis  is  sh o w n  in  F ig . 2 -2 7 .
A c c o r d in g  to  E q . 2 -2 8 , during re loa d in g  d a m a ge  depends o n  the rate o f  separation , 
p re v io u s  d am age  a ccu m u la tion , co h e s iv e  traction  and fatigue th resh old . D u rin g  lo a d in g  
w h e n  the va lu e  o f  traction  reach es the p ea k  traction , the free  va ria b le , X , w h ich  is o n ly  a 
fu n ctio n  o f  current separation , con stra in s the traction  to  m o v e  a lo n g  the so ften in g  
e n v e lo p e  (m o n o to n ic  T S L ).
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Fig. 2-27. Degraded TSL in cycle-by-cycle analysis for a low-cycle fatigue (Ural and Papoulia (2004))
Cyclic extrapolation based fatigue models
M o d e llin g  ev ery  s in g le  c y c le  in a h ig h -c y c le  fatigue loa d in g  u sin g  c y c le -b y -c y c le  
an a lysis  can  be  com p u ta tion a lly  e x p en s iv e  and u nw ise. T h e re fo re , so m e  other 
researchers (e .g . T u ron  et al. (2 0 0 7 ) , U ral and P apou lia  (2 0 0 4 ) )  tried  to  red u ce  the 
com p u ta tion a l e ffo r t  b y  use o f  c y c l i c  ex trap o la tion  tech n iqu es. T h is  can  be ta ck led  b y  
a p p lica tion  o f  an extrap ola tion  sch em e. T he extrapolation  sch em e  m eans the 
com p u ta tion  m ay o n ly  be  carried  ou t on  a certain  set o f  loa d in g  c y c le s  at ch osen  
in tervals and then the d am age  e v o lu tio n  can  be extrapolated  o v e r  the resp ectiv e  
in tervals in an appropriate  m anner. A  sch em atic  o f  the ex trapola tion  tech n iq u e  is sh ow n  
in F ig . 2 -2 8 . B oth  linear (V a n  P a ep egem  and D eg r ie ck  (2 0 0 1 ) )  (E q . 2 -2 9 )  and 
n on lin ear (U ral and P apou lia  (2 0 0 4 ) )  (E q . 2 -3 0 )  ex trapolation s have b een  utilised .
Eq. 2 -2 9
l ° g ( l  -  D i+AN )  =  lo g ( l  -  D j )  +
8N
E q. 2 -3 0
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E x tra p o la t io n  E x tra p o la tio n
Maximum fatigue load conditions based fatigue models
A ltern a tiv e ly , a fe w  researchers (e .g . R o b in so n  et al. (2 0 0 5 ) , T u m in o  and C a p p e llo
(2 0 0 7 ) )  have d e v e lo p e d  fatigue d am age  m o d e ls  based  on  m a x im u m  fatigu e load  
co n d it io n s . R o b in so n  et al. (2 0 0 5 ) in corp ora ted  a cu m u la tive  d a m a ge  m o d e l based  on  
the m a x im u m  fatigue load  into the static C Z M . T h ey  p ro p o se d  a fa tigu e d am age  
e v o lu tio n  la w  as E q. 2 -3 1 .
CdDt XD f h„. (
y+p
8c
E q. 2 -31
w h ere  Dj is fa tigu e d am age , 8C is the relative d isp lacem en t at fa ilu re , 5 max and 5 mjn are
the m a x im u m  and m in im u m  d isp la cem en ts  during the c y c le , re sp e ctiv e ly , and C , /? and 
2 are m o d e l param eters w h ich  need  to b e  determ in ed  b y  m ean s o f  exp erim en ta l data. 
H o w e v e r , they s im p lifie d  the m o d e l b y  assu m ing  zero  fo r  the m in im u m  va lu es o f  strain, 
stress and d isp la cem en t (i.e . 5 mjn = 0 ) .  In this m o d e l, the fatigue m o d e l param eters w ere  
not con stan t and n eed ed  to be  determ in ed  fo r  every  m o d e  ratio. T h e y  e m p lo y e d  the 
m o d e l to  sim ulate the fa t ig u e -d r iv en  d elam in ation  grow th  in pure m o d e  I and II and in 
m ix e d  m o d e  fo r  a c a rb o n /e p o x y  c o m p o s ite  (H T A /6 3 7 6 C ). T h e  sp ec im en s  used  are 
sh ow n  in F ig . 2 -2 9  togeth er w ith  the resp ectiv e  fa tigu e m o d e l param eters.
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Later, T u m in o  and C a p p e llo  (2 0 0 7 ) re so lv e d  this d e fic ie n c y  b y  co n s id e r in g  the fa tigu e  
d a m a ge  param eters as fu n ction s  o f  the m o d e  ratio. In this im p ro v e d  m eth od  instead  o f  C  
and (3 param eters, s ix  n e w  param eters Cj, Cn, Cmix and /?/, fin and f3mix w ere  in trod u ced  
fo r  m o d e  I, II and m ix e d  m o d e , re sp e ctiv e ly , w h ich  requ ired  an in v o lv e d  ca lib ra tion  
p ro ce ss . T h is  m o d e l w ere  u sed  fo r  D C B , E L S  and M M B  sp e c im e n s  m a d e  o f  
c a r b o n /e p o x y  c o m p o s ite  (H T A /6 3 7 6 C ). T h e  p red icted  results u sin g  th is m o d e l are 
sh o w n  and co m p a re d  w ith  exp erim en ta l results in  F ig . 2 -3 0 . In th is F igu re  the rate o f  
c ra ck  g ro w th  is p lo tted  against the n orm a lised  m a x im u m  strain en erg y  re lea sed  rate fo r  
the D C B , E L S  and M M B  sp ecim en s.
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Fig. 2-30. Comparison between the experimental and numerical results predicted by Tumino and
Cappello (2007)
2 . 3 . 6  V a r i a b l e  a m p l i t u d e  f a t i g u e  m o d e l l i n g  in  a d h e s i v e l y  b o n d e d
T h e  m ain  m eth od s  e m p lo y e d  fo r  fa tigu e p red iction  o f  b on d ed  jo in t s  under variab le  
a m plitu de ( V A )  loa d in g  in clu d e  total life , strength w earou t, fracture m ech a n ics  and 
d am age  m ech a n ics  based  m eth od s. T h e total life  m ethod  exp resses  the fa tigu e life  as a 
fu n ction  o f  a loa d in g  variab le  such  as the m ax im u m  stress o r  the stress a m plitu de, o r  
sim ilar param eters fo r  strain o r  load . T h is  m eth od  w as ex ten d ed  b y  P a lm gren  (1 9 2 4 )  
and M in er  (1 9 4 5 ) to p red ict variab le  am plitu de fatigue life . T h e y  assu m ed  linear 
a ccu m u la tion  o f  fa tigu e d am age  th rou ghou t the V A  fatigue spectru m . T he variab le  
a m plitu de fatigue life  can  b e  p red icted  based  on  this m eth od  usin g  the P a lm g ren -M in er  
rule (E q . 2 -3 2 ).
j o i n t s
E q. 2 -3 2
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in  E q . 2 -3 2 , Nb is the n u m ber o f  repeated  variab le  am plitude lo a d in g  b lo c k s  to  fa ilu re , 
ns is  the n u m ber o f  con stan t am plitu de stages in  the variab le  a m plitu de lo a d in g  b lo c k , nt 
is the n u m b er o f  c y c le s  in  the con stan t am plitu de stage w h ich  has a  total fa tigu e  li fe  o f  
Np T h e  va lu e  o f  Nt ca n  b e  ob ta in ed  fro m  the lo a d -life  cu rves  o f  con stan t am plitu de 
fa tigu e  tests. H o w e v e r , this s im p le  m eth od  is  n o t ab le  to  in d ica te  the d am age  o r  the 
e v o lu t io n  o f  the d am age  during  the fa tigu e loa d in g  and ca n n ot d ifferen tia te  b e tw een  the 
da m a g e  in itiation  and p rop a g a tion  ph ases o f  fa tigu e life tim e . M o r e o v e r , th is m eth od  
d o e s  n o t take the lo a d  in teraction  in to a ccou n t and th erefore , d ep en d in g  o n  the ty p e  o f  
m ateria l, it tends to  overestim ate  o r  underestim ate the fatigue life .
T h e  strength  w ea rou t a p p roa ch  (S h e n o y  et al. (2 0 0 9 a ))  has b e e n  u sed  to  p red ict  the 
va ria b le  am plitu de fa tigu e  life . In this ap p roa ch , the red u ction  in  in itia l strength is 
m easu red  b y  co n d u ct in g  partial fa tigu e  tests o n  a d h es iv e ly  b o n d e d  jo in t s  to  in d u ce  
partial fa ilu re  fo l lo w e d  b y  a qu asi-sta tic  test up to  fu ll fa ilure. T h e  strength  d ecrea ses  
w ith  in crea sin g  c y c le s  fr o m  the in itial static strength to  the m a x im u m  fa tigu e  lo a d  lev e l. 
In this ap p roa ch  an em p irica l equ ation , either linear (E rp o la t et al. (2 0 0 4 a ))  o r  n o n ­
linear (S h e n o y  et al. (2 0 0 9 b )) , is  fitted  to  the experim en ta l results to  relate the strength 
red u ction  to  the n u m ber o f  fa tigu e c y c le s  a p p lied . T y p ica l strength w ea rou t p lo ts  fo r  
d iffe ren t m a x im u m  fatigu e loa d s  are sh o w n  in  F ig . 2 -3 1 . T h ese  data w ere  ob ta in ed  b y  
S h e n o y  et al. (2 0 0 9 a ) fo r  s in g le  lap  jo in ts  m a d e  o f  7 0 7 5 -T 6  a lu m in iu m  b o n d e d  w ith  the 
tou g h en ed  e p o x y  film  a d h esive  F M  7 3 M . T h e  so lid  cu rves  in  F ig . 2 -31  represent the 
n on -lin ea r  fitted  cu rves  in  the fo rm  o f  E q. 2 -3 3 .
P(n) = Ps -  (Ps -  Pmax)(n)y E q . 2 -3 3
w h ere  P(n), Ps and Pmax are residual, static fa ilu re and m a x im u m  fa tigu e  loa d s , 
re sp e c tiv e ly , n is n u m ber o f  fa tigu e c y c le s  and v  is an em p ir ica l cu rv e  fitting  
param eter. It is w orth  n otin g  that in  F ig . 2 -3 1 , the last exp erim en ta l p o in t  fo r  ea ch  
fa tig u e  lo a d  co rre sp o n d s  to  the p o in t  at w h ich  the residual lo a d  has d e cre a se d  to  the 
m a x im u m  fa tigu e  loa d  a p p lied . A t  th is p o in t, fa ilure o f  the jo in t  o c cu rs  and th is is 
s h o w n  b y  a straight vertica l line.
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Fig. 2-31. Strength wearout plots for different Max fatigue loads (Shenoy et al. (2009a))
T h is a p p roa ch  w a s ex ten d ed  to  p red ict  the fa tigu e  life  o f  b o n d e d  jo in t s  su b je cted  to  a 
va ria b le  am plitu de fa tigu e  lo a d in g  b y  S c h a f f  and D a v id so n  (1 9 9 7 a ,b ). T h e y  p red icted  
the va ria b le  am plitu de fa tigu e li fe  ba sed  on  the strength w earou t cu rv es  ob ta in ed  fr o m  
con stan t am plitu de (C A )  fa tigu e  testing. T h e y  further im p ro v e d  th is m eth od  b y  
in corp ora tin g  a co rre c t io n  fa cto r  term ed  as c y c le  m ix  fa cto r  to  a cco u n t  fo r  the lo a d in g  
in teraction  ca u s in g  the d am age  a cce le ra tion  due to the sh ift fro m  on e  con stan t 
a m plitu de stage to  another in  the V A  fa tigu e  spectrum . F ig . 2 -3 2  illustrates the V A  
fa tigu e  life tim e  p re d ic t io n  u sin g  the strength w earou t cu rves  ob ta in ed  fr o m  C A  fa tigu e 
tests.
Fig. 2-32. VA fatigue lifetime prediction using strength wearout curves (Shenoy et al. (2009a))
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F ig . 2 -3 2  sh o w s  life tim e  p re d ic t io n  under V A  fa tigu e  loa d in g  h a v in g  tw o  C A  lo a d in g  
stages w ith  m a x im u m  lo a d  o f  P maxi and P maX2- T h e  residual strength  fo l lo w s  the A -B  
path  fo r  the first C A  stage and then sw itch es  to  the other strength w ea rou t cu rv e  and 
f o l lo w s  the C -D  path b y  sh ift in g  to  the s e co n d  C A  stage. It ca n  b e  seen  that w h en  the 
lo a d  sh ifts  b a ck  to  the first C A  stage, the residual loa d  d ecreases  further du e to  the c y c le  
m ix  fa ctor . In  a cco rd a n ce  w ith  the ob serv a tion s  o f  G om a ta m  and Sancaktar (2 0 0 6 a ), the 
c y c le  m ix  is a p p lied  o n ly  w h en  the severity  o f  the fa tigu e loa d in g  d ecrea ses .
T h e  strength  w ea rou t a p p roa ch  ca n  p red ict the fatigue li fe  o f  b o n d e d  jo in ts  under the 
V A  fa tigu e  lo a d in g  m o re  a ccu ra te ly  than the P a lm g ren -M in er ’ s la w  (E rp ola t et al. 
(2 0 0 4 a )) . H o w e v e r , th is destru ctive  a p p roa ch  requ ires a strength w ea rou t cu rv e  fo r  ea ch  
o f  the con stan t am plitu de stages o f  the V A  lo a d in g  b lo c k  and co n se q u e n tly  n eed s  a 
series o f  exp erim en ta l testing  fo r  ea ch  o f  the con stan t am plitu de stages. M o r e o v e r , this 
m e th o d  d o e s  n ot take in to  a cco u n t the loa d  h istory  and is n o t a b le  to  d ifferen tia te  
b e tw e e n  the d am age  in itiation  and p rop a g a tion  ph ases o f  fa tigu e  life tim e .
T h e  tw o  a p p roa ch es  ou tlin ed  a b o v e  requ ire tests to  b e  carried  ou t fo r  the s p e c if ic  jo in ts  
under con s id era tion . T h e  a p p roa ch es  that f o l l o w  are m o re  g en eric , seek in g  to  determ in e 
the jo in t  resp on se  fr o m  the u n d erly in g  m aterial beh av iou r. F racture m e ch a n ics  based  
m eth od s  (fa tig u e  cra ck  g row th  a p p roa ch ), w h ich  h ave w id e ly  b e e n  u sed  fo r  C A  fa tigu e  
p re d ic t io n  o f  b o n d e d  jo in ts , as ou tlin ed  in  se ction  2 .3 .3 , h a ve  b e e n  u tilised  to  p red ic t  
V A  fa tig u e  resp on se  (E rp o la t et al. (2 0 0 4 b ), A s h cro ft  (2 0 0 4 ) , S h e n o y  et al. (2 0 1 0 ) ) . 
T h is  m e th o d  relates the fa tigu e  cra ck  g row th  rate to  an appropria te  fa ctu re  m ech a n ics  
param eter th rou gh  an em p ir ica l equ ation . T h e  strain en ergy  re lease  rate w a s  fo u n d  to  b e  
the appropria te  facture  m ech a n ics  param eter fo r  crack s a lon g  the in terfa ce  in  a b i ­
m ateria l sam ple  lik e  adh esive-su bstrate  in terfa ce  (O 'B r ie n  (1 9 8 2 ) ) . E rpolat et al. 
(2 0 0 4 b )  p e r fo rm e d  a s im p le  c ra ck  g row th  in tegration  to  p red ict the v a r ia b le  a m plitu de 
fa tigu e  li fe  o f  c o m p o s ite  d ou b le r  ca n tilever  b ea m  jo in ts  u sin g  the C A  fa tigu e  cra ck  
g ro w th  cu rves. T h e y  in creased  the cra ck  s ize  at a f ix e d  cra ck  g row th  rate, th rou gh ou t a  
con stan t a m plitu de stage, ob ta in ed  fro m  the co rre sp o n d in g  C A  fa tigu e  cra ck  g row th  
cu rv e . T hu s E q . 2 -3 4  w a s su ggested  fo r  the cra ck  g row th  integration .
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in  w h ich  aj and aj+i are the cra ck  len gth  at the b eg in n in g  and en d  o f  a  C A  fa tigu e  b lo c k  
lo a d in g  h a v in g  n\ c y c le s  and da/dN cra ck  g row th  rate.
T h is  p ro ce d u re  w a s repeated  until the strain e n erg y  release rate e x c e e d e d  the crit ica l 
fracture en ergy . H o w e v e r , th is s ig n ifica n tly  underestim ated  the fa tigu e  cra ck  g row th  
rate b e ca u se  o f  the cra ck  g row th  a cce le ra tion  du e to  lo a d  in teraction . F ig . 2 -3 3  sh o w s  a 
co m p a r iso n  b e tw e e n  the exp erim en ta l and n u m erica l cra ck  g row th  p red icted  u sin g  the 
m en tion ed  fracture m ech a n ics  b a sed  m eth od  b y  E rpolat et al. (2 0 0 4 b )  fo r  a c o m p o s ite  
in terlam inar fa ilu re. A s  ca n  b e  seen , the m o d e l is co n s id e ra b ly  u n con serv a tiv e .
N .106
Fig. 2-33. Crack growth under VA loading using a fracture mechanics based method {Erpoiat et al.
(2004b))
A s h c r o ft  (2 0 0 4 )  im p ro v e d  the m eth od  b y  in trod u cin g  a param eter to  sh ift the C A  
fa tigu e  c ra ck  g row th  cu rv e  to  the le ft  to  a cco u n t fo r  the cra ck  g row th  a cce le ra t ion  
ob se rv e d . H e  a p p lied  this m o d e l to  c o m p o s ite  strap lap  jo in t s  under a con stan t 
am p litu d e  lo a d in g  sp ectru m  h a v in g  p e r io d ic  ov er loa d s . H o w e v e r , the param eter \|/7, is 
d ep en d en t o n  the n u m ber and m agn itude o f  the ov er loa d s  and co n se q u e n tly  n eed s  to  b e  
d eterm in ed  fo r  e v e ry  lo a d in g  spectru m . T h is  fracture m ech a n ics  b a sed  ap p roa ch  d o e s  
n o t take the in itiation  p h ase  o f  fa tigu e li fe  in to a ccou n t and th ere fore  it tends to  under 
p red ic t  the fa tigu e  life , w h ich  m a y  n ot b e  n e g lig ib le .
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A s  d iscu sse d  in  S e ction  2 .3 .2 , con tin u u m  d am age  m ech a n ics  h ave  b een  u sed  to  p red ict
the fa tigu e  resp on se  o f  a d h es iv e ly  b o n d e d  jo in ts  under con stan t am p litu d e  c y c l i c  
lo a d in g  (e .g . W a h a b  et al. (2 0 0 1 ) , Im anaka et al. (2 0 0 3 )) . In this m e th o d , a d am age
u nder va ria b le  am plitu de loa d in g . T h e y  assu m ed  the dam age  rate (dD/dN) to  b e  a p o w e r  
la w  fu n ctio n  o f  the p lastic  strain range (s e e  Eq. 2 -35 ).
in  E q . 2 -3 5 , A s ^ is  the p lastic  strain ran ge ca lcu la ted  fro m  the m a x im u m  and m in im u m  
fa tigu e  loa d s  o f  a fa tigu e loa d in g  c y c le  and CD and mD are m o d e l param eters w h ic h  ca n  
b e  d eterm in ed  fr o m  exp erim en ta l results. T o  determ in e the d a m a ge  rate u sin g  E q. 2 -3 5 , 
A s p w a s  ob ta in ed  fo r  ea ch  e lem en t in  the ad h esive  layer b y  use o f  n o n -lin e a r  static
an a lyses fo r  m a x im u m  and m in im u m  loa d s  o f  the fa tigu e lo a d in g  spectru m . T h is  
d a m a g e  rate w a s  u sed  to  ca lcu la te  the n e w  va lu e  o f  dam age  fo r  ea ch  e lem en t and to 
d e fin e  n e w  d eg ra d ed  m ateria l p rop erties  b a sed  o n  E q. 2 -3 6 .
in  w h ich , E0, ayp0 and p o are Y o u n g ’ s m od u lu s , y ie ld  stress and p lastic  su rface
m o d ifie r  con stan ts fo r  the p a ra b o lic  M o h r -C o u lo m b  m o d e l, re sp e ctiv e ly . T h is  m ateria l 
d egra d a tion  is repeated  fo r  e v e ry  c y c le  in crem en t (d A ). H o w e v e r , th ey  s ig n ifica n tly  
o v e r -p re d ic te d  the fa tigu e  life  o f  the a d h es iv e ly  b o n d e d  jo in ts  u s in g  the con tin u u m  
d a m a ge  m e ch a n ics  ba sed  app roach . T h is  ca n  b e  seen  in  F ig . 2 -3 4  w h ich  sh o w s  a 
c o m p a r iso n  b e tw een  the exp erim en ta l and num erica l fa tigu e li fe  p red icted  fo r  
a lu m in iu m /F M  7 3 M  sin g le  lap  jo in ts  under V A  loa d in g .
variab le  is d e fin e d  w h ic h  m o d ifie s  the con stitu tive  resp on se  o f  the a d h esiv e . F or  the 
first tim e S h e n o y  et al. (2 0 1 0 )  u tilised  th is m eth od  to  p red ict the li fe  o f  s in g le  lap  jo in ts
E q. 2 -3 5
E = E0( l -  D)
VyP= ° y Po(l - D)
P =  P o d  - D )
E q. 2 -3 6
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Fig. 2-34. Comparison of experimental and predicted VA fatigue lifetimes based on damage
mechanics (Shenoy et al. (2010))
M o r e o v e r , as the d am age  rate (E q . 2 -3 5 )  w a s a  fu n ction  o f  p lastic  strain, the m o d e l m a y  
n ot b e  appropria te  fo r  p red ictin g  fa tigu e resp on se  under h ig h  c y c le  fa tigu e  loa d in g . 
F urtherm ore, the authors stated that the m o d e l param eters (  CD and mD ) w e re  m esh  s ize  
dependant.
V e r y  lim ited  w o rk  has b een  ea rn ed  ou t u sin g  the C Z M  based  fa tigu e  m o d e l fo r  variab le  
a m plitu de loa d in g  (S ie g m u n d  (2 0 0 4 ) , J iang et al. (2 0 0 9 )) . H o w e v e r , th ey  m o d e lle d  
fa tigu e  lo a d in g  c y c le  b y  c y c le  w h ich  w a s com p u ta tion a lly  e x p e n s iv e  and p ra ctica lly  
im p o s s ib le  in  case  o f  h igh  c y c le  fa tigu e. S ieg m u n d  (2 0 0 4 ) u sed  the C Z M  m o d e l 
d e v e lo p e d  b y  R o e  and S iegm u n d  (2 0 0 3 )  (th is m o d e l is ou tlin ed  in  se c t io n  2 .3 .5 .3 )  to  
sim ulate  the fa tigu e d am age  in  d o u b le  ca n tilever  b eam  sp ecim en s  h a v in g  a lu m in iu m  
substrates b o n d e d  w ith  a m o d ifie d  h ig h -d en s ity  p o ly e th y len e  (H D P E ) b a sed  a d h esive  
u nder va ria b le  a m plitu de loa d in g . H e  m o d e lle d  the e ffe c t  o f  o v e r lo a d  and  tw o -p h a se  
lo a d in g  spectra  w ith  f ix e d  lo a d  ratio and lo a d  range, re sp e ctiv e ly , u s in g  a c y c le -b y -  
c y c le  ba sed  fa tigu e m o d e l. F ig . 2 -3 5  sh o w s  tra ction -sep a ra tion  b e h a v io u r  o f  the D C B  
sp e c im e n  under V A  fa tigu e  loa d in g  p red ic ted  b y  S iegm u n d  (2 0 0 4 ) b a se d  o n  a c y c le -b y -  
c y c le  analysis.
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Fig. 2-35. Degraded traction-separation response for DCB under VA fatigue loading (Siegmund
(2004))
Jiang et al. (2 0 0 9 ) m o d e lle d  the in flu en ce  o f  a s in g le  o v e r lo a d  in terspersed  in the C A  
c y c l i c  loa d in g  on  a lu m in iu m  com p a ct-ten s ion -sh ea r  (C T S ) sp e c im e n s  (sh o w n  in F ig. 
2 -3 6 )  fo r  d ifferen t load  ratios. T h e y  used  a c y c le -b y -c y c le  fa tigu e m o d e l based  on  the 
C Z M . T h e y  o b se rv e d  co m p re ss iv e  residual stress due to the o v e r lo a d s  g iv in g  rise to 
cra ck  retardation . T h is  cra ck  retardation tended  to be dependent on  the m o d e  ratio, as it 
w a s  fou n d  to  be  greater fo r  m o d e  I than fo r  m o d e  II.
a
i r  F
Fig. 2-36. Compact-tension-shear (CTS) specimen (Jiang et al. (2009))
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2 . 4  C o n c l u s i o n s
T h e  fa tigu e  li fe  o f  a d h e s iv e ly  b o n d e d  jo in ts  ca n  b e  co n s id e re d  as the tw o  ph ases o f  
d a m a g e  in itia tion  and p rop a ga tion . E xp erim en ta l studies o n  the fa tigu e  resp on se  o f  
b o n d e d  jo in ts  rev ea led  that m a n y  fa ctors  ca n  in flu en ce  the fa tigu e  d a m a g e  in itia tion  and 
p rop a g a tion  w h ich  n eed  to  b e  co n s id e re d  in  structural design . S o m e  fa cto rs  su ch  as the 
p resen ce  and the shape o f  the fille t  at the e d g e  o f  the b o n d  line m o s t ly  in flu e n ce  the 
d a m a g e  n u clea tion  p h ase  w h ereas so m e  oth er fa ctors , su ch  as the len gth  o f  the jo in t , 
a ffe c t  the duration  o f  the d a m a ge  p rop a g a tion  phase. H o w e v e r , the im portan t fa ct  is 
neither o f  the fa tigu e  ph ases can  b e  s im p ly  d isregarded .
T h e  b a ck fa ce  strain tech n iq u e , as a lo ca lis e d  dam age assessm ent tech n iq u e , ca n  b e  
e m p lo y e d  to  m o n ito r  the d am age  o f  a d h es iv e ly  b o n d e d  jo in ts . T h is  te ch n iq u e  is a b le  to  
d e tect b o th  d a m a ge  in itia tion  and p rop a g a tion  w ith in  the b o n d e d  jo in t .
T h e  n u m erica l m eth od s  e m p lo y e d  fo r  in vestiga tin g  the fa tigu e  b e h a v io u r  in  a d h es iv e ly  
b o n d e d  jo in ts  w e re  d iscu ssed . T h e  m eth od s  con s is ted  o f  total life , stress sin gu larity  
b a sed , fracture m e ch a n ics  b a sed , con tin u u m  d am age  m ech a n ics  b a sed , and co h e s iv e  
z o n e  m o d e ls .
T h e  to ta l-life  m eth od  is ba sed  o n  the s a fe -life  c o n ce p t  and is n ot ca p a b le  o f  in d ica tin g  
the e v o lu t io n  o f  the d a m a ge  and con se q u e n tly  d eterm in in g  the residu a l strength  o f  the 
b o n d e d  jo in ts .
T h e  stress s ingu larity  ba sed  m eth od  can  o n ly  b e  u se fu l fo r  p red ic tin g  the fa tigu e 
in itia tion  life tim e . M o re o v e r , it requ ires r ig o rou s  analytica l a n d /or  n u m erica l e ffo r t  to  
ca lcu la te  the sin gu larity  param eters. T h is  m eth od  can not rea lly  stu dy  p ro g re ss iv e  
d a m a ge  in  the in itiation  phase and  s in ce  it is  b a sed  o n  an e lastic  stress fie ld , it m ig h t n ot 
b e  appropria te  fo r  in e lastic  p rob lem s.
T h e  fa ctu re  m e ch a n ics  b a sed  o r  Paris la w -b a se d  m o d e ls  can  b e  e m p lo y e d  to  p red ict  the 
fa tigu e  p rop a g a tion  life tim e , w h ereas in  m a n y  cases  fa tigu e in itia tion  m a y  o c c u p y  a 
s ig n ifica n t fra ct ion  o f  total fa tigu e  life tim e . F urtherm ore, in  u sin g  Paris la w -b a se d
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m o d e ls , va r iou s  ideal co n d it io n s  n eed  to b e  fu lf ille d  su ch  as sm a ll-s ca le  y ie ld in g , lo n g  
cra ck s  and con stan t am plitu de loa d in g . H o w e v e r , m an y  e ffo rts  h ave b e e n  m a d e  to  adapt 
the m eth od  to  a w id e r  ran ge o f  p rob lem s.
T h e  con tin u u m  dam age  m ech a n ics  b a sed  m eth od , a lthou gh  it ca n  p ro v id e  a  v a lu a b le  
e n g in eerin g  p re d ic t iv e  fra m ew ork , d o e s  n ot p ro v id e  a clear d e fin it io n  o f  the fa tigu e 
in itia tion  and p rop a g a tion  phases.
T h e  c o h e s iv e  z o n e  m o d e l integrates so m e  o f  the con tin u u m  d a m a ge  and fracture 
m e ch a n ics  ca p a b ilities  to  fo r m  a m ore  e ff ic ie n t  and practica l a p p roa ch  fo r  m o d e llin g  the 
p ro g re ss iv e  dam age . T h is  m o d e l can  e ff ic ie n t ly  ind icate  the e v o lu t io n  o f  d a m a ge  and 
p red ict  the on set and g row th  o f  d am age  as its d irect outputs.
B a sed  o n  the a b o v e , it has b een  d e c id e d  to  u se the co h e s iv e  z o n e  m o d e l to  sim ulate  the 
p ro g re ss iv e  d a m a ge  and e m p lo y  b a ck fa ce  strain tech n iqu e  to  assess the dam age  
e v o lu t io n  in  a d h es iv e ly  b o n d e d  jo in ts .
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3 . 1  I n t r o d u c t i o n
E xp erim en ta l tests w ere  co n d u cte d  o n  a d h es iv e ly  b o n d e d  jo in ts  to  stu dy  the resp on se  to  
static and fa tigu e  lo a d in g  and  to va lidate  the n u m erica l m o d e ls . T h is  chapter 
su m m arises the m ateria ls u sed  fo r  the b o n d e d  jo in ts , the b o n d e d  jo in t  m a n u factu rin g  
p ro ce d u re  and the exp erim en ta l m eth od s  u sed  fo r  the testing.
3 . 2  M a t e r i a l s
T h e  jo in ts  tested  in  this research  w ere  m a d e  o f  a lu m in iu m  2 0 2 4 -T 3  and a lu m in iu m  
7 0 5 5 -T 7 7 5 1 1  substrates b o n d e d  w ith  a d h es iv e  F M  7 3 M  O S T . A lu m in iu m  2 0 2 4 -T 3  is 
an a lu m in iu m  a llo y  w ith  a llo y in g  e lem ents o f  c o p p e r  and m a g n es iu m  in  the T 3  typ e  
tem per. T h is  a lu m in iu m  a llo y  is ty p ica lly  u sed  in  app lica tion s  requ irin g  h ig h  strength  to  
w e ig h t ratio and g o o d  fa tigu e  resistance. T h ese  are the k e y  requ irem en ts fo r  a eron au tic 
structural a p p lica tion s . A lu m in iu m  7 0 5 5 -T 7 7 5 1 1  is an a lu m in iu m  a llo y  w ith  T 7 7  
tem p er  and is m o st  su itab le  fo r  the a p p lica tion s  in  w h ich  co m p re s s iv e  strength  is the 
k e y  d e s ig n  criterion  su ch  as upper w in g  structures.
T e n s ile  tests w e re  carried  ou t o n  standard d o g -b o n e  shape sp e c im e n s  cu t fr o m  
a lu m in iu m  2 0 2 4 -T 3  sheet (th ick n ess o f  4 .73  m m ) a lon g  the lon g itu d in a l (L )  and lo n g -  
transverse (L T )  d irection s . B S  E N  1 0 0 0 2 -1 :2 0 0 1  standard w a s  u sed  fo r  the sp e c im e n  
d im e n s io n s  and the test m eth od . T h e  L  d ire ct ion  is the d ire ct ion  that the a lu m in iu m  
sheet is ro lle d  and the L T  d ire ct ion  is the d ire ct ion  p erp en d icu la r  to  the L  d ire ct io n  and 
in  the sam e p lane. T h e  results togeth er w ith  the d im en sion a l deta ils  o f  ten sile  test 
sp e c im e n  are sh o w n  in  F ig . 3 -1 . T h e  m ech a n ica l p rop erties  ob ta in ed  fr o m  the ten sile  
tests w ere  the Y o u n g ’ s m od u lu s  w ith  a va lu e  o f  70  G P a  fo r  b o th  L  and  L T  d ire ct ion s  
and the o ffs e t  y ie ld  stresses o f  363  M P a  and 3 4 2  M P a  fo r  the L  and L T  d irect ion s , 
re sp e ctiv e ly .
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Strain
Fig. 3-1. Strain-stress curves for aluminium 2024-T3 and dimensional details of the tensile test
specimen
T h e  m ech a n ica l p roperties  o f  a lu m in iu m  2 0 2 4 -T 3  and a lu m in iu m  7 0 5 5 -T 7 7 5 1  1 fou n d  
in the literature are su m m arised  in T a b le  3 -1 . A s  can  be seen , the y ie ld  strength va lu es 
o f  a lu m in iu m  2 0 2 4 -T 3  ob ta in ed  from  testing  w ere  sligh tly  h igh er than th ose  fou n d  in 
A IM S  0 3 -0 4 -0 3 8  (2 0 0 6 ) . T h e  e la stic -p la stic  resp on ses o f  a lu m in iu m  2 0 2 4 -T 3  sh ow n  in 
F ig . 3-1 and the m ech a n ica l properties o f  a lu m in iu m  7 0 5 5 -T 7 7 5 1  1 fo u n d  b y  Srivatsan  
et al. (2 0 0 0 )  w ere  used  fo r  static and fatigue m o d e llin g .
Table 3-1. Mechanical properties for aluminium alloy 2024-T3 (AIMS 03-04-038 (2006)) and 
aluminium 7055-T77511 (Srivatsan et al. (2000)) at ambient temperature
Aluminium
Alloy Directions
Elastic
modulus
[GPa]
Yield Strength 
(0.2% of plastic 
strain) 
[MPa]
Tensile
Strength
[MPa]
Elongation
(%)
L 70 325 440 12
2024-T3
LT 70 290 430 12
L 70 620 650 12
7055-T77511
LT 70 610 630 10
T h e  F M  7 3 M  O S T  (C y te c  E n g in eered  M ateria ls Inc. (2 0 0 8 b ))  a d h esiv e  sheet w as 
e m p lo y e d  fo r  b o n d in g  the substrates. F M  7 3 M  is a tou gh en ed  e p o x y  film  ad h esive  
w h ich  can  p ro v id e  ou tstan d in g  du rability  and ex ce llen t structural p er fo rm a n ce  w ith in  
the tem perature range o f  -5 5 °C  to  8 2 °C . T h e O n e -S id e  T a ck y  (O S T )  v e rs io n  o f  F M  7 3 M
65
Chapter 3
Experimental methods
ca n  e lim in ate  the co n ce rn  o f  trapping air during  the lay  up lea d in g  to  a  better q u a lity  o f  
b o n d in g . T h e  a d h esive  F M  7 3 M  O S T  u sed  in  th is research  w a s  in  dark  g reen  and w ith  a 
n om in a l th ick n ess o f  0 .13  m m . T h is  a d h esive  w a s supported  w ith  ra n d om  p o ly e s te r  m at 
carriers. T h e  e la stic  m od u lu s  and the P o is s o n ’ s ratio o f  the a d h esive  F M  7 3 M  O S T  w ere  
co n s id e re d  to  b e  2 0 0 0  M P a  and 0 .4 , re sp e c tiv e ly  (L iljed a h l (2 0 0 6 ) ) . T h e  stress-strain  
cu rv e  fo r  this a d h esive  is sh o w n  in  F ig . 3 -2 .
Strain (%)
Fig. 3-2. Stress-strain curve for adhesive FM 73 (Liljedahl (2006))
3 . 3  J o i n t  s p e c i m e n s  a n d  m a n u f a c t u r i n g
3 .3 .1  S p e c i m e n s
T h ree  jo in t s , n a m e ly  the s in g le  lap  jo in t  (S L J ), the lam inated  d o u b le r  in  b e n d in g  (L D B ) 
and the m ix e d -m o d e  flex u re  (M M F ) sp ec im en s  w ere  c o n s id e re d  fo r  exp erim en ta l 
testing . T h e  SLJ and M M F  w ere  m an u factu red  and tested  at the U n iv ers ity  o f  S urrey 
and the L D B  jo in ts  w ere  cu t fro m  an aircra ft w in g  pan el and w e re  tested  at B A e  
S ystem s. T h e  jo in ts  are sh o w n  in  F ig . 3 -3 .
T h e  substrates o f  SLJ and M M F  w ere  m a d e  o f  a lu m in iu m  2 0 2 4 -T 3 . T h e  L D B  w a s m ad e  
o f  a m u lti-la y ered  lam inated  a lu m in iu m  2 0 2 4 -T 3  substrate s tiffen ed  w ith  a T  shape 
a lu m in iu m  7 0 5 5 -T 7 7 5 1 1  stringer. T h e  lam inated  substrate co n s is te d  o f  s ix  a lu m in iu m  
sheets w ith  F M  7 3 M  O S T  a d h esive  b e tw een  th em  and w as b o n d e d  to  the stiffen er u sin g  
F M  7 3 M  O S T  adh esive .
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Fig. 3-3. Test coupons a) SLJ, b) LDB, c) MMF
T h e  d im en sion s  o f  the jo in ts , togeth er w ith  the m aterials used  fo r  the substrates, are 
illustrated in F ig. 3 -4 .
3 . 3 . 2  M a n u f a c t u r i n g  a n d  t e s t  s e t t i n g  u p
3.3.2.1 Surface pre-treatment and priming
T o  a ch ie v e  m a x im u m  en viron m en ta l resistance and b on d in g  du rab ility  and a c co rd in g  to 
the C y te c  C o m p a n y  re com m en d a tion , the a lum in ium  w as su b ject to ch ro m ic  a cid  
e tch in g  (C A E ) and p h osp h or ic  a cid  a n od is in g  (P A A )  fo l lo w e d  w ith  an a p p lica tion  o f  
B R ®  127 co rro s io n  in h ib itin g  prim er. T h e substrates w ere  sent to  A irb u s  fo r  su rface  
treatm ent and p rim in g . B R ®  127 co r ro s io n  inh ib iting  prim er w ere  a p p lied  to on e  
co m p le te  s ide  o f  each  substrate. T h is  prim er is a m o d ifie d  e p o x y  prim er and b eca u se  o f  
its h ig h -p er fo rm a n ce  co r ro s io n  in h ib iting  ch aracteristic, has been  used  in a lm ost ev ery  
co m m e rc ia l aircraft built s in ce  its in trodu ction  (C y te c  E ng in eered  M ateria ls Inc.
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(2 0 0 8 a )) . It is in y e llo w is h  c o lo u r  and can  be used  w ith  all 120°C  film  a d h esives. T h e  
n ecessa ry  p roced u re  fo r  the su rface  pre-treatm ent and prim in g  carried  ou t in this w ork  
fo r  a lu m in iu m  is presented  in A p p e n d ix  A . T h e final th ickness o f  the substrates used  fo r  
the SLJ and M M F  after su rface  treatm ent and prim in g  w as 4 .7 3 ± 0 .0 3  m m .
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3.3.2.2 Bonding procedure
After pre-treatment and priming o f the bond surfaces, the substrates were sent back to 
the University o f Surrey where the single lap and MMF joints were manufactured and 
tested.
A  jig  (shown in Fig. 3-5) was used to control the relative position o f the substrates, the 
precise thickness o f the bond line (0.2+0.02 mm) and the appropriate pressure (0.28 ± 
0.03 MPa). The adhesive sheet was cut into the size o f overlap area (30x12.5 mm for 
the SLJ and 80x12.5 mm for the MMF). Two layers o f the adhesive were used for 
bonding the substrates. The substrates, adhesive layers and the spacers were stacked up 
in the jig .
Fig. 3-5. The jig used for the joints manufacturing
The thickness o f the bond line was controlled as 0.2+0.02 mm using the spacers with a 
precise thickness o f 4.93+0.01 mm (i.e. 0.2 mm greater than the substrate thickness). A 
mold release spray was employed to avoid sticking the substrates and spacers to the jig  
during the curing process using the excess adhesive spewed out. An appropriate 
pressure was applied during the curing by means o f the springs o f the jigs. For this 
purpose, the lengths o f the springs were reduced to obtain 0.28 ± 0.03 MPa pressure (in 
accordance with the recommendation o f Cytec Engineered Materials Inc.). The amount
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o f reduction in the spring length was determined by undertaking compressive tests on 
the springs. Finally, the specimens were placed inside an oven to heat up in 30 minutes 
to 120°C and were held for 60 minutes at 120°C ± 3°C. After this curing process the 
door o f the oven remained closed to let the specimens cool down gradually overnight. 
Then, follow ing the manufacturing, the joints were kept in desiccators until testing to 
protect them from environmental degradation.
3.3.2.3 Setting up for testing
In this research, video-microscopy and backface strain techniques were employed to 
assess the damage during the testing. To enhance the view o f the crack using the video­
microscopy, excess adhesive on the jo in t sides was partially polished so that any 
damage or crack can be readily detected during the test. The polishing process was 
undertaken in several stages and w ith various grades (240 to 1000) o f  abrasive paper to 
obtain an appropriate finish. Furthermore, in case o f the SLJ, prior to the testing end 
tabs were bonded to the jo ints to minimise asymmetry in loading.
As a final stage, for selected joints, strain gauges were attached on the backface o f the 
substrates. This was achieved in several steps. First the gauging area was cleaned w ith 
an acetone wipe. Then the area was lightly  polished w ith an abrasive paper (grade 240) 
and M-prep conditioner A  (a water based acidic surface cleaner) from Vishay 
measurement group. Then, the acidity effect o f conditioner was neutralised and the 
gauging area was cleaned using M-prep neutraliser 5A (a water based Alkaline surface 
cleaner) from Vishay measurement group and cotton wool buds. The gauges were 
bonded on the prepared area using a Loctite super glue, followed by soldering the lead 
wires to the connectors o f the gauges. The position o f the strain gauges depended on the 
type o f the joints.
3.4 M echanical testing
The experimental tests were conducted using an Instron 1341 servo hydraulic fatigue 
testing machine (shown in Fig. 3-6) w ith  a load cell capacity o f 50 lcN. This machine
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was equipped with hydraulic grips to minimise the grip slippage during the test. This 
machine was controlled using the Instron console software. This software together with 
the Instron WaveMatrix software facilitated operations such as the application o f load 
and the output o f data such as the load and displacement obtained from the specimen.
Both the static and fatigue tests were carried out using the fatigue testing machine 
mentioned above. The static tests were conducted at a constant displacement rate o f 0.1 
mm/min. The fatigue tests were under constant amplitude loading and carried out at two 
load ratios (the ratio o f minimum to maximum load) o f 0.1 and 0.5 and a frequency o f 5 
Hz. Moreover, the fatigue tests were conducted at various maximum load levels 
considered as the percentages o f the static failure.
Fig. 3-6. instron 1341 servo hydraulic fatigue testing machine
Backface strain technique and in-situ video microscopy were utilised to assess the 
damage evolution in the adhesive bond line during testing. To assess the damage 
visually during fatigue loading, the tests were stopped at certain intervals and the bond
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line was examined using a travelling video microscope. For this purpose, a USB digital 
microscope (shown in Fig. 3-7) with a maximum magnification o f x200 was employed.
Fig. 3-7. USB digital microscope
3.5 Backface strain data acquisition
In the backface strain technique, strain gauges are bonded on the backface (exposed 
surface) o f substrate, near a site o f anticipated damage. The measured strain during the 
onset and growth o f damage changes and this change is utilised to indicate the evolution 
o f damage. The strain gauges were placed at 1 mm inside the overlap for the SLJ and 2 
mm inside the overlap for the LDB. In the case o f the MMF joints, a multiple strain 
gauge (TM L FXV-1-23-002LE, Techni Measure, UK), shown in Fig. 3-8, having five 
gauges along a line spaced at 2 mm intervals was used to obtain more information about 
the damage evolution.
f-------f-------T-------?-------▼
Fig. 3-8. Multiple strain gauge used for the MMF specimens
The positions o f the strain gauges are shown in Fig. 3-9. The strain gauges were 
connected to corresponding Wheatstone bridge units, with a maximum capacity o f six 
strain gauges, and the change in output voltage was amplified and then recorded using a
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bespoke software package developed on a Labview platform. This software recorded 
maximum and minimum voltage values o f the strain gauges and preset sequences o f 
complete cycles. Fig. 3-10 illustrates the backface strain measurement setup.
1 mm
I I_________
I
■ Strain gauges
Fig. 3-9. The positions of the strain gauges for a) SLJ, b) LDB, c) MMF joints (not in scale)
The output produced by the software was a voltage, thus calculations were performed 
on the output voltage to convert it to the strain value using Eq. 3-1.
4 ( V - V J  3
£ =  „  x lO 3 Eq. 3-1FE
In Eq. 3-1, 8 is micro strain, F  is the gauge factor o f the strain gauge, E  is the bridge 
supply in volts, Vo is the output voltage at zero condition in mV, V  is the output voltage 
in mV and 10 is the amplification factor.
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Fig. 3-10. Backface strain measurement setup
Normally when the SLJ is gripped some unwanted bending and/or torque might be 
imposed due to human errors such as substrate misalignment, different end tab 
thicknesses and inclined position o f the specimen in the grip. These factors affect the 
backface strains values. Moreover, to ensure the strain gauge installation integrity, prior 
to the fatigue loading, low level static loads (0 to 2 kN and back w ith the intervals o f 0.5 
kN) were applied on all jo ints and the recorded and predicted backface strains were 
compared. Finally, the backface strain variations were recorded during the fatigue 
loading. Typical backface strain readings for gripping and low level static loading 
before fatigue testing for the SLJ are illustrated in Fig. 3-11. It should be noted that in 
Fig. 3-11, the strain variations o f four strain gauges are shown. These strain gauges 
were attached at 1 and 2 mm inside the overlap and at both sides. For instance, in Fig.
3-11(a) after the gripping when load was zeroed, two o f the gauges showed compressive 
and the other two showed tensile strains indicating that the specimen possibly 
experienced some bending as part o f gripping load. Note that in Fig. 3-11(b) these 
gripping strains were zeroed at zero load.
7 4
C h a p t e r  3
E x p e r i m e n t a l  m e t h o d s
—  SG1
—  SG2
—  SG3
—  SG4
400
350
300
c 250 1
ifl 200
I  150
100
50
0
-50
Time (Sec)
Fig. 3-11. Typical backface strain variations for the S LJ during a) gripping, b) low level static
loading
3.6 Conclusions
In this chapter, a summary o f the materials used for the jo ints and their mechanical 
properties were outlined. The configurations and the geometrical dimensions o f the 
joints tested together with manufacturing procedures were provided. Moreover, 
different instruments and testing machines were briefly explained. The mechanical 
properties summarised in this chapter were used in static and fatigue modelling. The 
elastic modulus and the yield stress L(LT) for the aluminium 2024-T3 were considered 
to be 70 GPa and 363 MPa(342 MPa) and for aluminium 7055-T77511 were 70 GPa 
and 620 MPa(610 MPa), respectively. Moreover, the elastic modulus and the Poisson’ s
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ratio for the adhesive FM 73M OST were considered to be 2000 MPa and 0.4, 
respectively.
The manufacturing process employed could provide consistently good quality bonded 
joints. Three types o f adhesively bonded joints including the single lap jo in t, the 
laminated doubler in bending and the mixed-mode flexure specimen were considered 
for static and fatigue testing and finite element modelling. These specimens had the 
same adhesive system including the surface pre-treatment, prim ing and the adhesive 
material.
To assess the damage evolution, two experimental techniques including video­
microscopy and backface strain were employed. These two techniques could effectively 
examine the damage evolution during the static and fatigue loading and the results 
obtained were used to validate the finite element models.
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4.1 Introduction
In this chapter, the structural behaviour o f adhesively bonded jo ints under static loading 
was determined experimentally and modelled using finite element analysis. The 
experimental procedure was outlined in the previous chapter. Following the review o f 
the literature in Chapter 2 it  was decided to undertake progressive damage modelling o f 
the bonded joints under static loading using a bi-linear traction-separation response. The 
static strengths o f the single lap jo in t and the laminated doubler in bending were 
numerically determined and compared w ith the experimentally obtained values.
4.2 Experim ental testing
Static tests were conducted to study the failure behaviour o f the adhesively bonded 
joints. A ll the static tests were carried out at a constant displacement rate o f 0.1 
mm/min. To confirm the repeatability o f the results, several replicate tests (at least five) 
were executed for each bonded jo in t configuration i.e. the single lap jo in t (SLJ), the 
laminated doubler in bending (LDB) and the mixed-mode flexure (M M F) test. The 
results o f the SLJ and LDB are presented in this chapter and the results o f the M M F 
joints are discussed in chapter 8. Average static strength values o f 10.14 kN and 2.95 
kN were obtained for the SLJ and LDB, respectively. The results are summarised in 
Table 4-1.
Table 4-1. Experimental static strength results for the S LJ and LDB
Joint Static strength (kN)
Displacement 
rate (mm/min)
SLJ 10.14 ±0.39 0.1
LDB 2.95 + 0.10 0.1
Typical load-displacement responses for the SLJ and LDB are illustrated in Fig. 4-1.
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Displacement (mm)
Displacement (mm)
Fig. 4-1. Typical load-displacement responses of a) S L J  and b) LDB
The failure mode o f the jo ints tested was cohesive, as adhesive material remained on 
both failure surfaces. This implies that the surface pre-treatment used in bonding was 
acceptable. The failure surfaces o f the SLJ and LDB are shown in Fig. 4-2.
Moreover, in the case o f the SLJ, two different regions (dark green region in the middle 
and bright green regions on sides) on the failure surfaces, shown in Fig. 4-2, signified 
that the damage in itia lly  penetrated slowly from the both ends o f the overlap then 
propagated quickly in the middle.
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Fig. 4-2. Failure surfaces under static loading for a) S LJ and b) LDB
The backface strain technique (see section 2.2.3.1) was employed to assess the damage 
evolution during static loading. The strain gauges were attached on the backface o f the 
SLJ substrates at 1 mm inside the overlap and the strain value was recorded during the 
static test. Fig. 4-3 shows the backface strain variation during the static test.
- Backface strain (Micro)
Fig. 4-3. Backface strain variation of the SLJ during the static test
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The variation o f the backface strain w ith applied load during a static failure test can 
im p lic itly  represent the combined state o f adhesive and substrate yielding and adhesive 
damage initiation and propagation. This backface strain data is utilised later (in Section 
6.4.1) for calibrating the static model parameters.
4.3 Progressive dam age m odelling m ethodology
Researchers have employed various methods for predicting the structural behaviour o f 
adhesively bonded joints. The methods were discussed in Chapter 2. In this work, the 
cohesive zone approach, because o f the advantage outlined in Chapter 2, has been 
selected to model the progressive damage in the adhesively bonded joints.
4.3.1 Cohesive zone model
The cohesive zone model (CZM) introduced by Barenblatt (1959, 1962) was inspired by 
the observation that as the distance between two atomic planes w ith in the material 
increases the cohesion forces in itia lly  grow in intensity, reach a maximum value and 
then any further separation w ill result in a rapid decrease o f the intensity. This model 
was developed in a continuum damage mechanics framework and the fracture 
mechanics concepts were incorporated to improve its applicability. A  schematic 
description o f the CZM is illustrated in Fig. 2-20 in Chapter 2.
The ABAQUS/Standard finite element package was employed to implement the 
cohesive zone model. ABAQUS provides two models for the cohesive elements which 
can be used in the analysis o f adhesively bonded joints, namely, traction-separation- 
based and continuum-based models. Although both o f them fo llow  the same basic 
principle, there are some differences.
The traction-separation model characterises the interface directly in terms o f a 
prescribed traction-separation response. This model can be used when the adhesive 
layer is very thin. The traction-separation-based model consists o f an in itia l linear 
elastic behaviour followed by the initiation and propagation o f the damage and 
concludes w ith an eventual failure (see Fig. 2-20). The traction-separation-based 
elements can be introduced into the regions o f the model where cracks or damage are
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expected. The traction-separation based elements, in three-dimensional problems, have 
three strain components: one normal to the interface (peel component) and two parallel 
to it  (shear components) and their respective stress components. In two-dimensional 
problems, the elements have two strain components: one normal to the interface and one 
parallel to it  and their respective stress components. This model can be implemented in 
ABAQUS/Standard and Explicit.
The continuum-based model can be employed when the adhesive layer has significant 
thickness so that the bulk material o f adhesive can also be modelled w ith conventional 
material models. Modelling damage or failure w ith a continuum-based model can be 
implemented in ABAQUS/Standard and Explicit. The active strain and stress 
components for three-dimensional problems are three strain components and their 
respective stress components. As w ith the traction separation elements the strains have 
one component through the thickness and two transverse shear strains. In two- 
dimensional problems, there are two strains: one through the thickness and one 
transverse strain and their respective stress components. This model assumes the two 
membrane strains to be zero and the active strains are obtained from the element 
kinematics. These assumptions are appropriate in situations in which a relatively thin 
and compliant adhesive layer bonds two relatively s tiff substrates (ABAQUS (2009)). 
Fig. 4-4 illustrates different deformation modes o f a three-dimensional continuum-based 
cohesive element.
through-thickness
behaviour
cohesive
Fig. 4-4. Deformation modes of a 3D continuum-based cohesive element (ABAQUS (2009))
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As the adhesive bond line used in the joints tested in this work is thin, the traction- 
separation model was used to model the progressive damage in the adhesively bonded 
joints.
4.3.2 Traction-separation model
According to the traction-separation model, the traction increases w ith a constant slope 
(interface stiffness) up to a critical value (tripping traction). Beyond this point, damage 
occurs and any further separation w ill result in a decrease o f traction. Eventually, the 
tractions reach zero indicating that the material is fu lly  damaged. The response is 
governed by fracture energy. This behaviour takes place for every individual cohesive 
element.
U tilis ing the traction-separation description o f cohesive elements in ABAQUS requires 
the follow ing parameters to be specified:
- Constitutive element thickness
- In itia l interface stiffness
- Damage initiation criterion
- Damage propagation criterion
4.3.2.1 Constitutive element thickness and initial interface stiffness
There are three options in  ABAQUS for defining the constitutive thickness o f the 
cohesive elements, including “ analysis default” , “ nodal coordinates”  and “ specify” . 
Before choosing one o f them, the relationship between the separation and the strain 
components, considered by ABAQUS, needs to be clarified, see Eq. 4-1.
8,
e » = 7 L. e.v = ~ >  Eq. 4-1
'c h'
where e„ and s v are normal and shear strain components, 8„ and 5V are normal and 
shear components o f separation and t c  is the constitutive thickness o f the cohesive layer.
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Using the “ analysis default”  option, ABAQUS uses 1.0 for the constitutive thickness 
regardless o f the actual thickness o f the cohesive layer. By choosing this option, the 
stiffness o f the interface (7<c) needs to be modified as follows:
K c  — E c  11Adh Eq. 4-2
where E c  is the adhesive material stiffness and t A du is the actual thickness o f the 
adhesive layer. The advantage o f this option is that the output strains (nominal strains) 
w ill be equal to the respective separations. It should be noted that this option is 
applicable only when the adhesive thickness is uniform. The “ nodal coordinate”  option 
allows ABAQUS to compute the constitutive thickness based on the nodal coordinates. 
Therefore the constitutive thickness w ill be equal to the geometric thickness. The “ nodal 
coordinate”  option can be helpful when the thickness is not uniform. However, it  should 
be noted that in the case o f very small geometric thicknesses, the computed thickness 
might not be correct. Alternatively, the user can specify the constitutive thickness 
manually and the interface stiffness remains as bulk adhesive stiffness. In this research 
“ specify”  option has been used for the constitutive thickness o f the cohesive elements.
4.3.2.2 Damage initiation criterion
The damage initiation criterion governs the onset o f the damage. In other words, once 
the initiation criterion is met, material damage occurs and the load carrying capacity o f 
the material diminishes.
The initiation criterion can be based on the tractions or separations and in each o f the 
cases, both the peel and shear components need to be considered. ABAQUS provides 
two criteria for each o f the traction-based or separation-based cases considering the 
interaction between the peel and shear components, as follows:
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Table 4-2. Initiation criteria of traction-separation law in ABAQUS
Criterion Criterion law description
Maximum nominal stress 
criterion
Maximum nominal strain criterion
Quadratic nominal stress 
criterion
Quadratic nominal strain criterion
f H + 4 = .U  L J
j (e») El £ l1 = i 
1 s!! ’eVe?
M
T .
+ •
T .
+ ■
T,
= 1
M 2J U \ M 2 =
Traction-based
Mode-independent
Separation-based
Mode-independent
Traction-based
Mode-dependent
Separation-based
Mode-dependent
Where the subscripts n ,  s  and t  denote normal, first shear and second shear (in the case 
o f 3D problems) directions respectively, and { ) is the Macaulay bracket meaning that 
the compression stress state does not lead to the damage initiation.
The first two criteria in Table 4-2 are mode independent. The mode independent 
traction-based criterion states that damage is assumed to initiate when either peel ( ( t n) )
or shear ( t s or t , ) components o f traction exceeds a critical value o f traction ( T n , T s or
T t ) and likewise, in the separation-based criterion, the damage is assumed to initiate
when either o f peel ( (ew) ) or shear (e s.or s, ) components o f strains exceeds a critical
value o f separation ( e°, s° or s°). The last two criteria in Table 4-2 are mode
dependent signifying that the traction or strain components in all directions contribute to 
the onset o f initiation. The Maximum nominal stress criterion has been used in this 
work.
4.3.2.3 Damage propagation criterion
The damage propagation criterion governs the material degradation follow ing damage 
initiation until failure. The evolution criteria describe the rate at which the material 
stiffness is to be degraded. A  scalar damage variable, D  (termed SDEG in ABAQUS), is 
used to record the amount o f damage in the material. The damage variable can take a
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value between 0 and 1, corresponding to undamaged or fully damaged material 
respectively. The traction components in the traction-separation model are degraded by 
the damage variable as follows:
ts =(\-D)ts, 
t, = (1- D)tn
Eq. 4-3
where ttt, t , and t, are traction components predicted by the elastic traction-separation 
behaviour for the current strains with no damage.
The mode mixity can be incorporated into the damage evolution law so that both the 
shear and peel deformations can influence the damage evolution simultaneously. The 
mode mixity can be defined in terms of the fracture energies. The fracture energy is the 
energy dissipated in the damage process and is the area under the traction-separation 
curve. Separate fracture energies can be defined for each of the modes of deformation 
(i.e. normal and shear). The mode dependency in the cohesive elements may be 
specified in tabular form or by using analytical expressions. Two mixed mode analytical 
damage evolution laws are available in ABAQUS, namely, power law fracture (Eq. 4-4) 
and Benzeggagh-Kenane (BK) (Benzeggagh and Kenane (1996)) (Eq. 4-5).
4- ' G. '
vG.:,
+ '  6  
vG,‘ ,
= 1 Eq. 4-4
G;-+ (G; _ GA  g .+ o , 
V* " { g , + g , + g ,
= Gn + Gs +Gt Eq. 4-5
where Gn, Gs and G, are the energies released by the traction due to the respective 
separation in normal, first and second shear directions, respectively and G(n , G(’ and
G(t are the critical fracture energies required for the failure in normal, first and second 
shear directions, respectively. The user needs to specify the critical fracture energies and 
a or r) as material properties. ABAQUS defines the mode mixity ratio based on the 
energies when analytical forms are used, as follows:
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Gn Gs G,/«, = ---- , m-, = ----- , m, =
G, 2 G, 3 G r E q . 4 - 6
G 7 =  G w +  G v +  G ,
A  sc h e m a tic  m ix e d -m o d e  situation  is illustrated  in F ig . 4 - 5 .
5'
Fig. 4-5. Mixed-model response in cohesive elements element
T h e  d o ted  tria n gles are tra ctio n -se p ara tio n  r e sp o n se s  c o rre sp o n d in g  to the pure n orm al 
and shear m o d e s  and all in term ed iate  v ertical p la n es (a  typ ica l o n e  is sh o w n  in F ig . 4 -5  
in g re e n ) represen t the tra ctio n -sep ara tio n  resp o n se  under m ix e d -m o d e  c o n d itio n s . 
M o r e o v e r , the b lu e  tria n gles are the m o d e  I and m o d e  II c o m p o n e n ts  o f  the m ix e d  m o d e  
c o n d itio n . T h e  B K  d a m a g e  p ro p a g a tio n  criterion  (E q . 4 - 5 )  has b een  u sed  in this w o rk .
4.3.3 Effects of traction-separation law (TSL) parameters on static 
strength prediction
T h e  in flu e n c e  o f  the T S L  p aram eters in c lu d in g  tripp ing tra ctio n , fractu re e n e rg y  and  
v is c o s ity  o n  the p red icted  static strength  h a v e  b een  in vestig ated  fo r  the s in g le  lap jo in ts  
and the la m in a ted  d o u b le r  in b en d in g .
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4.3.3.1 The effect of tripping traction and fracture energy
To investigate the effects o f  the TSL parameters, two sets o f  fracture energy values 
were considered, G[Cn (Gj ) = 1.4(2.8) and (Gj ) = 2.8(5.6) kJ/m2. For each set a range
o f tripping tractions were considered and the respective static strengths were obtained 
numerically. As shown in Fig. 4-6, three regions with low, intermediate and high 
tripping traction values are evident for the two different joints. Moreover, the lower and 
the higher regions are mostly controlled by the tripping traction but the intermediate 
region is much less dependent on the tripping traction and is mostly governed by the 
fracture energy. Furthermore, as expected, the predicted static strength increased with 
increasing the fracture energy.
Tripping traction — —-----[ — —— |
114 MPa (6 6  MPa J
T  (  T  \  Tripping traction  -—    —
M 114 MPa (6 6  MPa J
Fig. 4-6. The effect of tripping traction and fracture energy on static strength,
a) SLJ, b) LDB
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In the lower region there is a very long process zone (region of tripped but not failed 
elements), and in the higher region there is a discontinuous process zone (the process of 
tripping and releasing occurred element by element discontinuously). Thus in the higher 
region one element was tripped and released and then the next element repeated this 
process. This behaviour makes the higher region mesh dependent and a finer mesh can 
expand the intermediate region towards a higher tripping traction.
The different responses of the three regions mentioned above can be clarified by 
considering their corresponding traction-separation responses illustrated schematically 
in Fig. 4-7,where each response has the same fracture energy.
Fig. 4-7. TSLs with different values of tractions and equal values of fracture energies
For the low tripping traction, the energy required for tripping is relatively low and this 
makes the tripping process easily achievable and allows many elements to meet the 
initiation criterion. However, once the element trips, it requires a large increase in 
energy to get released (fully failed), and thus most of the elements get tripped before 
one is released.
Conversely, for the higher tripping traction, the energies required for tripping and 
release are rather close to each other, therefore the element can get released shortly after 
tripping. Thus, the process zone length becomes discontinuous and the failure load is
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tripping traction dependent. One can say, in the lower region, a bigger portion of the 
applied energy is spent on element releasing whereas in the higher region a bigger 
portion of the applied energy is spent on element tripping. As is evident from Fig. 4-7, 
the process zone length is dependent on the magnitude of tripping traction.
A bi-linear traction-separation response was determined by simulating the static 
strength of the SLJ. This traction-separation response was then used to predict the static 
strength of the LDB. The initial value of Gc used was typical of the range of values 
found in the literature for the adhesive used, namely FM 73 M. This was refined along 
with the tripping traction and damage initiation and growth criteria in an informed 
iterative technique to match the static responses of the bonded joints. Moreover, a study 
was made investigating the interaction of mesh size, tripping tractions and fracture 
energies. It has been shown above and more extensively in previous work (Liljedahl et 
al. (2006)) that, for a given tripping traction, a sufficiently small element size is required 
to operate with a continuous process zone. Assessment studies with varying element 
size were undertaken to assess the appropriate element size and ensure that the elements 
used were smaller than this critical value. The calibrated traction-separation response 
used in the modelling is outlined in Table 4-3.
Table 4-3. Calibrated traction-separation response
Tripping traction Fracture energy
normal (shear) mode I (mode Ii) initiation criterion Propagation criterion
MPa kJ/m2
114(66) 1.4 (2.8) Maximum nominal stress criterion (MaxS)
Benzeggagh-Kenane (BK) 
(with n=2)
4.3.3.2 Viscosity effect
The numerical simulations of progressive damage using cohesive elements are often 
accompanied by numerical instability, particularly when the simulated structure 
experiences catastrophic failure or a sudden decrease of load is sustained. At the point 
of instability, the simulation terminates and the post failure response will remain 
undetermined. This ambiguity may be undesirable since the termination of the solution
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may be due to other problems and not indicate the failure point. Gao and Bower (2004) 
suggested a modification which permits the simulation to continue beyond the point of 
instability caused by a sharply decreasing load. They showed that the numerical 
instability can be removed by incorporating a small fictitious viscosity in the 
constitutive equation of the cohesive elements. If the value of the viscosity used is small 
enough then it should not significantly alter the solution (Gao and Bower (2004)). The 
problem that arises is choosing the right value for viscosity. That is because using a too 
low value might not really help and too high value might change the solution. To obtain 
appropriate viscosity values for the SLJ and the LDB, parametric studies with 
decreasing levels of viscous damping were implemented.
Fig. 4-8 shows the effect of the viscous damping coefficient (p) on the predicted load- 
displacement curve of SLJ.
Displacement (mm)
Fig. 4-8. The effect of viscous damping coefficient (p) on the predicted load-displacement curve of
S LJ
It can be seen that the value used (IO0 N-s/mm) hardly affected the static response of 
the structure. Parametric studies were carried out and the appropriate viscosity values 
for the SLJ and the LDB were found. These are summarised in Table 1-4
Table 4-4. Viscosity values of cohesive elements for the S LJ and LDB
LDB S LJ
Viscosity (N-s/mm) 1CT4 10'6
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4.4 Results and discussions
In this section, the finite element models developed for the SLJ and LDB are presented 
in more detail. Moreover, the results predicted for the bonded joints are discussed and 
compared with the respective experimental results.
4.4.1 Single lap joint (SLJ)
The single lap joint with the dimensions and the materials shown in Fig. 3-4(a) was 
modelled in ABAQUS standard finite element code. As shown in Fig. 3-4(a), the 
overlap length was 30 mm, the free length was 75 mm, the substrate thickness was 4.73 
mm, the substrate width was 12.5 mm and the bond line thickness was 0.2 mm.
A non-linear finite element model was developed to examine the SLJ under static 
tensile loading and predict the static strength. Fig. 4-10 illustrates 2D finite element 
model (with 3,600 elements and 3,800 nodes) and 3D finite element model (with 48,500 
elements and 54,300 nodes) for SLJ. The three-dimensional model was developed and 
the results were compared with two-dimensional plane strain and plane stress models. It 
was found that the results of three-dimensional model were more consistent with the 
plane stress results than the plane strain results. Consequently, four-noded plane stress 
elements (CPS4) were employed for the aluminium substrates and four-noded cohesive 
elements (COH2D4) with the traction-separation description were used to study the 
progressive damage in the adhesive. Moreover, material and geometrical nonlinearities 
were included in the analysis. As shown in Fig. 4-10, the left-side of the left substrate 
was constrained by an encastre constraint and the transverse displacement and rotation 
about the out of plane axis were constrained for the right-side of the right substrate. A 
mesh convergence study was undertaken to determine the appropriate mesh size for the 
cohesive elements. The result of this study is shown for the SLJ in Fig. 4-9 where the 
predicted failure load is plotted against the inverse of the cohesive elements length 
(1/Lczm).
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1 / L c z m
Fig. 4-9. Mesh convergence study for the S LJ
Therefore, the size of the cohesive elements was considered as 0.2 x 0.2 mm (i.e. 
I/Lczm = 5). It can be seen from Fig. 4-6(a) that the cohesive zone model with the 
element size mentioned above and the properties outlined in Table 4-3 operates with a 
continuous process zone and in the intermediate region (energy controlled region).
As outlined in Table 4-3, a traction-separation response with an initial slope of 2000 
N/mm , tripping tractions in normal and shear directions of 114 and 66 MPa 
respectively, mode I and mode II fracture energies of 1.4 and 2.8 kJm'2, respectively, 
was used for the adhesive layer. Moreover, the maximum nominal stress (MaxS) and 
Benzeggagh-Kenane (BK) criteria were chosen to control damage initiation and 
propagation in the adhesive layer, respectively. For the substrates made from aluminium 
2024-T3 (L) with the experimental stress-strain data shown in Fig. 3-1, the yield stress, 
ultimate strength. Young modulus and Poisson’s ratio were taken as 363 MPa, 440 
MPa, 70 GPa and 0.3, respectively.
To study the behaviour of the SLJ under static loading, a displacement was applied on 
the right side of the right substrate and the respective reaction force was obtained from 
the finite element analysis. The predicted load-displacement response of the SLJ is 
shown in Fig. 4-11. The numerically predicted static strength for SLJ was obtained as 
9.66 kN which correlated very well with the experimental results; giving -4.7% error.
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\
Encastre
I
(b) Encastre
Aluminium 
modelled by 3D 
continuum 
elements 
(C3D8)
Adhesive 
modelled by 
3D cohesive 
elements 
(COH3D8)
Transverse Disp. (U2, U3=0) 
Rotations (UR1, UR2, UR3=0) 
Kinematic coupling
Adhesive 
modelled by 
2D cohesive 
elements 
(COH2D4)
Transverse Disp. (U2=0) 
Rotation (UR3=0) 
Kinematic coupling
Aluminium 
modelled by 
plain stress 
elements 
(CPS4)
Fig. 4-10. Finite element mesh and boundary conditions of the S LJ a) Two-dimensional, b) Three-
dimensional
A small amount of viscosity (10'5 N-s/mm) was utilised to ensure that the failure point 
is observed to clarify the post failure response.
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Displacement (mm)
Fig. 4-11. Predicted load-displacement response of S LJ
Four representative points (A, B, C and D) were chosen from predicted load- 
displacement response to study the joint behaviour at different load levels. The four 
points were chosen as: point (A) at an initial stage in which no damage was initiated, 
point (B) near the peak load where some damage had occurred, point (C) at maximum 
load and point (D) after the peak load in the catastrophic failure region. The Von-Mises 
stress and damage contour plots are illustrated in Fig. 4-12 at the four points, 
corresponding to different load levels (1.39, 9.18, 9.66 and 7.57 kN, respectively). As 
shown in Fig. 4-12, before any damage the stress concentration occurred at the end of 
the overlap and as the damage propagated, the stress concentration moved along with 
the crack tip. Moreover, because the model was symmetric, the damage occurred from 
both overlap ends then propagated symmetrically. Considering Fig. 4-11 and Fig. 4-12, 
it is evident that the load carrying capacity of the bond line decreased as a few cohesive 
elements became fully damaged (point C in Fig. 4-11). This trend continued until the 
full separation of the two substrates.
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(A) Load = 1.39 kN
S, Mises 
(Avg: 75%)
+8.584e+01 +7.871e+01 +7.159e+01 +6.447e+01 +5.735e+01 +5.022e+01 +4.310e+01 +3.598e+01 +2.885e+01 +2.173e+01 +1.461e+01 +7486e+00 +3 627e-01
SDEG 
(Avg: 75%)
+0.0000+00 +0.000e+00 +0.000e+00 +0 000e+00 +0.000e+00 +0.000e+00 +0.000e+00 +0 000e+00 +0 000e+00 +0.000e+00 +0.0006+00 +0.0006+00 +0.0006+00
S, Mises 
(Avg: 75%)
+3.7606+02 +34486+02 +3.1376+02 +2.826e+02 +2.515e+02 +2.203e+02 + 1.892e+02 + 1.5816+02 + 1.2706+02 +9.586e+01 +6.4736+01 +3.3616+01 +2.486e+00
(B) Load = 9.18 kN SDEG (Avg 75%)
+6.302e-01 +5.7776-01 +5 252e-01 +4.7276-01 +4.2016-01 +3.676e-01 +3.1516-01 +2.6266-01 +2.1016-01 + 1.5769-01 + 1.0506-01 +5.252e-02 +0.000e+00
S, Mises 
(Avg: 75%)
+3.695e+02 +3.389e+02 +3.084e+02 +2 7796+02 +2.4736+02 +2.168e+02 + 1.863e+02 + 1.557e+02 + 1.252e+02 +9465e+01 +6.412e+01 +3.359e+01 +3 053e+00
(C) Load = 9.66 kN SDEG (Avg: 75%)
+1.0006+00 +9.167e-01 +8 333e-01 +7.5006-01 +6.667e-01 +5.8336-01 +5000e-01 +4 167e-01 +3.3336-01 +2.5006-01 + 1.6676-01 +8.333e-02 +0.000e+00
S, Mises 
(Avg: 75%)
+3.584e+02 +3.285e+02 +2.9866+02 +2688e+02 +2.3896+02 +2.0916+02 + 1.792e+02 + 1.493e+02 +1.1950+02 +8.960e+01 +5.974e+01 +2.987e+01 + 1 088e-02
(D) Load = 7.57 kN SDEG 
(Avg: 75%)
+ 1.0006+00 +9.1676-01 +8.3336-01 +7 500e-01 +6.667e-01 +5.833e-01 +5.0006-01 +4.1676-01 +3.3336-01 +2.5006-01 + 1 6670-01 +8.3336-02 +0.0000+00
Fig. 4-12. Damage parameter (SDEG) and Von-Mises stress contour plots for the S LJ at different
load levels
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The Von-mises stress and damage distributions along the overlap through the centre of 
the adhesive layer at different load levels are depicted in Fig. 4-13. The curves A, B, C 
and D correspond to different load levels in Fig. 4-11.
rf>!
10 15 20
Path (mm)
Path
5 10 15 20 25
Path (mm)
120
'nS: 100
Fig. 4-13. The Von-Mises stress and damage distributions along the overlap of S LJ at different load
levels (1.39, 9.18, 9.66, 7.57 kN)
As illustrated in Fig. 4-13, those cohesive elements with damage parameter of one (i.e. 
fully damaged) cannot resist any stress and were removed from the model. Moreover, 
Fig. 4-13 and Fig. 4-11 show that, in this static simulation, process zones were small 
and once a crack appeared at the end of overlap, it propagated very quickly leading to a 
catastrophic rupture.
4.4.2 Laminated doubler in bending (LDB)
A static finite element model was developed in ABAQUS/Standard finite element code 
to study the LDB under static three point bending. The LDB was modelled with the 
dimensions and the materials shown in Fig. 3-4(b). This joint was made of a laminated 
substrate (including six aluminium sheets with FM 73M OST adhesive between them)
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bonded with a T shape aluminium stringer using FM 73M OST adhesive and was cut 
from a demonstration wing panel by Airbus.
It was determined from the experimental observations that the failure always occurred 
in the adhesive between the stringer and the laminate. Therefore, four-noded cohesive 
elements with a traction-separation description (COH2D4) were employed for the 
adhesive bond line between the stringer and the laminate and damage free four-noded 
plane strain elements (CPE4) were used for the aluminium and the other adhesive 
layers. It should be noted that unlike the SLJ in which a plane stress condition was 
considered, the plane strain condition was chosen for the LDB joint. The reason of why 
plane strain condition is more appropriate for the LDB is not fully understood but may 
be to do with the difference in transverse deformation between a solid and a laminated 
substrate. A mesh convergence study was undertaken to determine the appropriate mesh 
size for the cohesive elements. The result of this study for the LDB is shown in Fig.
4-14 where the predicted failure load is plotted against the inverse of the cohesive 
elements length (1/Lczm)-
1/L c z m
Fig. 4-14. Mesh convergence study for the LDB
Therefore, the size of the cohesive elements was considered as 0.2 x 0.2 mm (i.e. 
I/Lczm = 5). It can be seen from Fig. 4-6(b) that the cohesive zone model with the 
element size mentioned above and the properties outlined in Table 4-3 operates with a 
continuous process zone and in the intermediate region (energy controlled region).
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The 2D finite element model having 11,596 nodes and 11,581 elements for the LDB 
with the boundary conditions is illustrated in Fig. 4-15. To minimize the computational 
effort, the symmetry of the joint was exploited and only half of the joint was modelled. 
Consequently, as shown in Fig. 4-15, a symmetry constraint was placed on the left side 
of the model.
Adhesive 
modelled by 
Cohesive 
elements 
(COH2D4)
Adhesive 
modelled by 
plain strain 
elements 
(CPE4)
Transverse Disp. (U2=0)
U2
t ^Ul
Aluminium 
modelled by 
plain strain 
elements 
(CPE4)
Fig. 4-15. Finite element mesh and boundary conditions for the LDB
The same traction-separation parameters obtained for the SLJ (i.e. 
G(n (Gj ) = 1.4(2.8) kJ/m2, Tn(Ts) = 114(66) MPa and MaxS and BK criteria for damage
initiation and evolution, respectively) were used for the adhesive layer between the 
stringer and the laminated substrate. Four-noded plane strain elements (CPE4) were 
used for the other adhesive layers with a Young’s modulus of 2 GPa and a Poisson's 
ratio of 0.4 (Liljedahl (2006)). Moreover, the stress-strain data of aluminium 2024-T3 
(LT) (Fig. 3-1) having the yield stress, the ultimate strength, the Young modulus and the
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Poisson’s ratio of 342 MPa, 430 MPa, 70 GPa and 0.3, respectively, were used for the 
aluminium layers of the laminated substrate. The stringer was aluminium 7055-T77511 
(LT) with the mechanical properties for the yield stress, the ultimate strength, the 
Young modulus and the Poisson’s ratio of 610 MPa, 630 MPa, 70 GPa and 0.3, 
respectively. However, the stringer always operated within the linear elastic region (i.e. 
the stress level remained lower than the yield stress of 610 MPa).
To find the failure load, the vertical displacement of the lower left aluminium node was 
constrained to be zero and a displacement was applied on the upper right end node of 
the laminate and the respective reaction force at this node was obtained from ABAQUS. 
The predicted load-displacement response of the LDB is demonstrated in Fig. 4-16. A 
value of 2.81 kN was predicted for the static strength of the LDB which was in good 
correlation with the experimental result with -4% error.
Displacement (mm)
Fig. 4-16. Predicted load-displacement response of LDB
To clarify the evolution of the damage and stress within the aluminium and adhesive, 
four points on the load-displacement response at four different load levels were 
considered. The points were considered as: point A in the initial stage where damage 
had not initiated, point B near the peak load where some damage had occurred in the 
bond line, point C at the maximum load and point D on the descending part of the load- 
displacement response.
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(A) Load = 0.91 kN
S, Mises 
(Avg: 75%)
+2.873e+02 +2.634e+02 +2 395e+02 +2.155e+02 + 1916e+02 +1 676e+02 +1.437e+02 +1.1976+02 +9.578e+01 +7.1846+01 +4.789e+01 +2.395e+01 +1.2270-05
SDEG 
(Avg: 75%)
B +0.000e+00 +0.0006+00 +0.0006+00 +0.0006+00 ■ ■ +0.000e+00 +0.000e+00 +0.000e+00 +0.0006+00 +0.0006+00 +0.0006+00 +0.000e+00 +0.0006+00 +0 0006+00
S, Mises 
(Avg: 75%)
+3.0816+02 +2.824e+02 +2.567e+02 +2.3106+02 +2.054e+02 + 1.797e+02 +1 540e+02 + 1.284e+02 + 1.027e+02 +7.702e+01 +5.134e+01 +2.567e+01 +2.401e-05
(B) Load = 2.71 kN SDEG (Avg: 75%)
+7.215e-01 +6.614e-01 ' +6.0136-01 +5.4120-01 +4.8106-01 +4.2090-01 +3.608e-01 ■ +3.006e-01 +2.4056-01 + 1.8040-01 +1.2036-01 +6.0136-02 +0.000e+00
S, Mises 
(Avg: 75%)
+4.519e+02 +4.142e+02 +3.766e+02 +3,389e+02 +3.0136+02 +2.636e+02 +2.259e+02 +1 883e+02 + 1.506e+02 + 1.130e+02 +7.532e+01 +3.766e+01 +3.6678-05
C) Load = 2.81 kN SDEG (Avg: 75%)
+ 1.000e+00 +9.167e-01 +8.3336-01 +7.5006-01 +6,667e-01 +5,833e-01 +5.000e-01 +4.167e-01 +3.3336-01 +2.5006-01 + 1.6670-01 +8.3336-02 +0.0006+00
S, Mises 
(Avg: 75%)
+4.5676+02 +4.1866+02 +3.806e+02 +3.4256+02 +3.0456+02 +2.6646+02 +2.283e+02 + 1.903e+02 + 1.522e+02 + 1.142e+02 +7.611e+01 +3.806e+01 +3 804e-05
(D) Load = 1.8 kN SDEG (Avg: 75%)
+ 1.0000+00 +9.1676-01 +8.3336-01 +75006-01 +6.667e-01 +5 8336-01 +5.0006-01 +4.1676-01 +3.3336-01 +25006-01 + 1.6676-01 +8.3336-02 +0.0006+00
Fig. 4-17. Damage parameter (SDEG) and Von-Mises stress contour plots for the LDB at different
load levels.
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The Von-Mises stress and damage contour plots were extracted from the finite element 
results at the 4 points corresponding to the different load levels (0.91, 2.71, 2.81 and 
1.80 kN) and are shown in Fig. 4-17. At point A no damage occurred and damage 
parameter (SDEG) was zero for all cohesive elements. Further by increasing the load 
level (point B) damage initiated from the end of the bond line between the laminate and 
stringer but no crack has formed yet in the adhesive. By evolving the damage, a very 
small crack formed at the peak load level (point C) and the load carrying capacity of the 
joint started to decrease. Afterward, the crack propagated along the adhesive bond line 
(point D).
The Von-Mises stress and damage distribution are depicted in Fig. 4-18. The curves A, 
B, C and D correspond to the different load levels mentioned in Fig. 4-16.
different load levels (0.91, 2.71, 2.81,1.8 kN)
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4.5 Conclusions
Two different joints, namely shear lap and laminated doubler in bending joints were 
tested, modelled and studied under the static loading. The bonded joints were tested 
under the static loading and the average failure loads of 10.14 kN and 2.95 lcN were 
obtained for the SLJ and LDB, respectively. Moreover, the experimental results gave 
minimum scatter with the standard deviations of 0.39 kN and 0.1 kN for the SLJ and 
LDB, respectively. A cohesive failure mode was observed for the both bonded joints.
A bi-linear traction-separation description of the cohesive zone model was used to 
simulate the progressive damage in the adhesive bond line of the bonded joints. In the 
case of the LDB in which multiple adhesive layers existed, following the experimental 
observation, only the adhesive layer between the stringer and laminate was modelled 
using the cohesive elements and the other adhesive layers were modelled with damage- 
free continuum elements.
After investigating the effects of traction-separation parameters on the static strength of 
the joints, a traction-separation response was determined. It was found that increasing 
the fracture energies or the tripping tractions increased the predicted static strength. 
Furthermore, choosing a low value of tripping traction gave rise to a long process zone 
whereas using a large value of tripping traction resulted in a discontinuous process 
zone. The latter behaviour made the finite element analysis mesh dependent.
The traction-separation response was calibrated against the SLJ and then successfully 
validated against the LDB which had a different adhesive stress state. This traction- 
separation response was with the specifications of maximum nominal stress and BK 
criteria for initiation and propagation criteria, 114 and 66 MPa for tractions in normal 
and shear directions and 1.4 and 2.8 ld/m for mode I and II fracture energies, 
respectively. This traction-separation response gave reasonably accurate results for the 
static strength of the SLJ and the LDB. Moreover, the calibrated traction-separation 
model operated in the energy controlled region.
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5.1 Introduction
In this chapter, the structural behaviour of adhesively bonded joints under constant 
amplitude fatigue loading was determined experimentally and modelled using finite 
element analysis. A fatigue damage model was developed and integrated with the bi­
linear traction-separation response detailed in Chapter 4 to simulate the deleterious 
influence of the constant amplitude fatigue loading on adhesively bonded joints. This 
fatigue model was calibrated and validated against the SLJ and the LDB.
5.2 Experim ental testing
To study the fatigue failure behaviour, tests were conducted on three adhesively bonded 
joints, namely the single lap joint (SLJ), the laminated doubler in bending (LDB) and 
the mixed-mode flexure (MMF) specimen. The dimensions and manufacturing details 
of the bonded joints were discussed in Chapter 3. The tests on the SLJ and the MMF 
specimens were carried out by the author at the University of Surrey and the tests of the 
LDB were undertaken by BAe Systems. The experimental results of the SLJ and LDB 
under fatigue loading are presented in this chapter and Chapter 6 and the results of the 
MMF specimens are discussed in Chapter 8.
The fatigue tests were carried out under load control using an Instron 1341 servo 
hydraulic fatigue testing machine. The tests were conducted at a load ratio (R = 
P m ii/P m a x ) of 0.1 and a frequency of 5 Hz. Moreover, the fatigue tests were conducted at 
various maximum load levels considered as percentages of the static failure load of the 
joints. The maximum fatigue load levels used for the SLJ were 40% and 50% and for 
the LDB were 40%, 50% and 60% of the average static strength of the respective 
bonded joints. The results are summarised in Table 5-1.
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Table 5-1. Experimental fatigue results of the SLJ and LDB
Joint Max fatigue load (of static strength) Load ratio
Frequency
(Hz) Fatigue life
0.4 0.1 5 132,000
SLJ
0.4 0.1 5 201,700
0.5 0.1 5 26,600
0.5 0.1 5 40,200
0.4 0.1 5 37,500
0.4 0.1 5 71,060
0.4 0.1 5 76,989
LDB
0.4 0.1 5 54,621
0.5 0.1 5 6,367
0.5 0.1 5 18,349
0.5 0.1 5 10,234
0.6 0.1 5 2,200
The average fatigue lifetime obtained for the SLJ at 40% and 50% of the static failure 
load were 166,850 and 33,400 cycles, respectively and for the LDB at 40%, 50% and 
60% were 60,040, 11,650 and 2,200 cycles, respectively. The experimental S-N curves 
are shown in Fig. 5-1. In this figure the data points are the experimental test results and 
the solid lines are the trend lines fitted to the experimental data points.
Number of cycles to failure
Fig. 5-1. Experimental load-life fatigue data
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The fatigue failure surfaces of the SLJ and LDB are shown in Fig. 5-2. The failure 
surfaces for the fatigue tests were a combination of cohesive and near interfacial within 
the adhesive. Moreover, as can be seen in Fig. 5-2, at lower loads and hence longer 
lives, the cohesive failure appeared to be closer to the interface. This is consistent with 
previous research (e.g. Azari et al. (2010), Dessureault and Spelt (1997)).
Fig. 5-2. Fatigue failure surfaces of, a) SLJ, b) LDB
To assess the damage evolution in the adhesive bond line during fatigue loading, 
backface strain and in situ video microscopy techniques were employed. Strain gauges
1 0 7
were attached on the backface of the SLJ substrates at 1 mm inside the overlap. This 
position of the strain gauge was chosen according to Crocombe et al. (2002)'s study 
which indicated that this was a location providing high sensitivity to initial damage 
growth. The damage growth affected the backface strains and the strain variations were 
utilised to assess the damage.
The backface strain variations of the SLJ under fatigue loading at a load ratio of 0.1 
with maximum fatigue load levels of 40% and 50% of static strength are illustrated in 
Fig. 5-3.
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Cycles
Cycles
Fig. 5-3. Backface strain variations of the S LJ under fatigue loading with maximum load of a) 40%,
b) 50% of the static strength
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Fig. 5-3 shows two different fatigue damage evolution scenarios. As can be seen in Fig. 
5-3(a), the strain values of the both gauges (SGI and SG2) initially increased gently 
representing the damage initiation followed by a more rapid increase signifying that 
damage evolved symmetrically from both overlap ends. Conversely, the backface strain 
variations obtained from the two gauges shown in Fig. 5-3(b) were different. At the 
later stage of the test, the strain value rapidly increased on SG2 and reduced on SGI. 
This trend indicates that the damage evolution accelerated at the end with decreasing 
strain (SGI). This backface strain reduction is due to a local deformation relaxation at 
the location of the strain gauge as crack passes under the strain gauge position.
5.3 C onstant am plitude fatigue dam age m odelling  
m ethodology
The deleterious influence of fatigue loading was simulated by degrading the traction- 
separation response. This degradation process was implemented by incorporating a 
fatigue damage parameter that evolved during fatigue and was based on a fatigue 
damage evolution law (Eq. 5-1) expressed as the cyclic damage rate.
where AD is the increment of damage, AN is the cycle increment, emax is the 
maximum principal strain in the cohesive element which is a combination of normal and 
shear components of strain (e„ and s5), elh is the threshold strain (a critical value of 
emax below which no fatigue damage occurred) and a and [3 are material parameters. 
The parameters elh, a and (3 need to be calibrated against the experimental tests. It
should be noted that strain refers to average strain across the cohesive element and is 
defined as below:
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s... =
A d h
Eq. 5-2
in which tAdh is the thickness of the adhesive bond line, 5 is the separation and the 
subscripts n and s denote normal and shear directions, respectively.
In the fatigue model employed in this research, the sinusoidal fatigue loading was 
represented by a constant loading equal to the maximum load level in the actual cyclic 
loading. This simplification and the corresponding numerical and actual strain 
variations during the fatigue loading are illustrated schematically in Fig. 5-4.
Fig. 5-4. Schematics of the actual and simplified, a) loading, b) strain.
The fatigue damage was modelled by degrading the bi-linear traction-separation 
response and was implemented by coupling the ABAQUS Standard finite element code 
with a FORTRAN subroutine. This user subroutine redefines field variables at the 
elements integration points and the material properties were defined in terms of this 
field variable. Thus, this user subroutine allows definition and updating of solution 
dependent material properties. The field variable defined this way was the fatigue
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damage variable and the traction-separation response was assumed to be dependent on 
this fatigue damage variable.
The material degradation process is illustrated in Fig. 5-5. As shown, the fatigue 
modelling consisted of two steps. In the first step, the maximum fatigue load was 
applied and the intact joint was analysed under static, non-damage conditions. This 
provided the state at the beginning of the fatigue test. Then the maximum principal 
strains of the cohesive elements were obtained from the finite element analysis results 
by using the utility subroutine *GETVRM. In the second step, a fatigue damage 
variable at each element integration point was introduced into the model. This variable 
was updated according to the strain-based fatigue damage law (Eq. 5-1) for each 
increment of cycles ( AN ). Then, the tripping tractions and fracture energies in mode I 
and mode II for the cohesive elements were reduced linearly based on this damage 
variable. Following the material degradation, the maximum principal strains of the 
cohesive elements were again calculated by ABAQUS for the next cyclic increment 
(AA) and the fatigue damage variable was again updated. This material degradation 
process was repeated until the damaged joint can no longer sustain the applied 
maximum fatigue load. This then provides the predicted fatigue life. This fatigue model 
is illustrated in a flowchart form in Fig. 5-6.
To increase the accuracy of the model, automatic incrementation has been utilised. This 
permitted the model to cut back the cycle increment size ( AN ) automatically whenever 
a smaller cycle increment size was required for a convergent solution. Moreover, to 
balance between the accuracy and time of the simulations lower and upper limits were 
set for AN.
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Step 1 (Step 2) Step time(Number of cycles)
AN
Pure mode I
Normal separation
✓
Fig. 5-5. Fatigue degradation of cohesive element properties
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Fig. 5-6. Fatigue damage model flowchart
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FORTRAN 
user subroutine
Each element integration point has two damage variables corresponding to static 
damage (Ds) and fatigue damage (Dp) or in ABAQUS terminology SDEG and SDV, 
respectively. As shown in Fig. 5-7, the fatigue damage variable was used to determine 
the degraded traction-separation response whereas the static damage parameter was 
utilised to define the material status within that traction-separation response. 
Furthermore, the fatigue damage variable was calculated by numerical integration of 
fatigue damage evolution law (Eq. 5-1) using the FORTRAN subroutine and the static 
damage variable was obtained by finite element analysis using ABAQUS. The element 
was removed if either of the damage variables became one. This enabled the model to 
account for the catastrophic static failure as well as the gradual fatigue failure. For 
instance, for some bonded joints (e.g. SLJ) by growing the damage, the load bearing 
capacity of the joint diminished. This continued until the load bearing capacity dropped 
below the maximum fatigue load level which then gave rise to catastrophic static 
failure. Basically, after each cyclic increment (AA), having determined the degraded 
cohesive zone properties of the elements, ABAQUS treated the problem as a static 
analysis and checked whether the structure can sustain the maximum fatigue load level.
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Fatigue damage evolution Static damage evolution
Fig. 5-7. Fatigue damage parameter and traction-separation response damage parameter
Obviously, in the course of the fatigue material degradation process, the tripping 
traction of some elements are likely to drop below the applied level of traction. This 
will give rise to an increase of the static damage variable for those elements. However, 
the fatigue material degradation continues until the element is removed (i.e. either the 
static or fatigue damage variable becomes one).
1 1 4
C h a p t e r  5
C o n s t a n t  a m p l i t u d e  f a t i g u e  t e s t i n g  a n d  m o d e l l i n g
As numerical integration was used to accumulate the fatigue damage, a study was 
undertaken to establish the maximum size of cycle increment that can be used for each 
configuration. The result of this study is shown in Fig. 5-8. This shows that the 
maximum cycle increment size needs to be reasonably small and the size can be 
obtained by undertaking a simple convergence study on the maximum cycle increment 
size. As a rough rule of thumb, choosing a maximum cycle increment size smaller than 
Nf/100 for the SLJ and LDB can give convergent results.
Experimental fatigue life (Nf) I Max cycle increment size 
Fig. 5-8. The influence of the maximum cycle increment size on the predicted fatigue lifetime
5.4 Calibration of the fatigue dam age model
A parametric study was undertaken to investigate the effect of the fatigue damage 
model parameters on the load-life curves and appropriate values for the fatigue damage 
model parameters (a, |3 and elh in Eq. 5-1) were obtained. The effects of the fatigue
model parameters on the numerically predicted S-N curves are schematically depicted 
in Fig. 5-9. It was observed that increasing the parameter a accelerated the damage 
evolution and consequently decreased the predicted fatigue lifetime. Conversely, 
increasing the power [3 and the threshold strain (e,/;) decelerated the damage evolution
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and increased the lifetime. Moreover, changing the constant a had a similar effect on the 
predicted fatigue lifetime for different load levels, leading to a shift of S-N curve in the 
horizontal direction, but the effect of increasing |3 tended to decelerate the damage more 
at lower strain (load) levels thus decreased the slope of the S-N curve. This is because at 
lower load levels the strain values are lower and so changes by increasing the power (3 
are greater than at higher loads.
Fig. 5-9. The effects of fatigue model parameters on predicted S-N curve
The threshold strain led the damage starting if the maximum principal strain in the 
cohesive elements exceeded the threshold value. This is consistent with the actual 
material fatigue behaviour which can endure an infinite fatigue life under a very low 
fatigue load level. Increasing the threshold strain had a similar effect to the S-N curve as 
the parameter (3 had.
The results of the parametric study revealed how the three damage parameters affected 
the load-life curves (i.e. horizontal position and slope). With this information, an 
informed iterative approach was undertaken to determine appropriate fatigue model 
parameter values (summarised in Table 5-2) that matched the fatigue response of the 
SLJ. These were then validated against the LDB joint responses. Furthermore, a 
sensitivity study has been carried out to further quantify the effect of these parameters 
on the fatigue response.
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Table 5-2. Damage model parameters
a P Eth
1.5 2 0.0319
Table 5-3 outlines the sensitivity of the fatigue model to the change of fatigue model 
parameters for predicted SLJ fatigue response. The sensitivity was obtained by 
changing each fatigue model parameter in turn by 5% of calibrated value (see Table 
5-2), keeping the other parameters constant.
Table 5-3. Sensitivity of the model to the change of fatigue model parameters
Pmax/Ps Sa Sp Sfith
40% -0.8 10.0 10.3
50% -0.8 8.5 4.6
In Table 5-3, (A, = a, P and £ti0 is a sensitivity parameter and is defined as below:
d\NK
, A = a,p,s//( Eq. 5-3
X=A.O
in which a, p and sth are fatigue model parameters and No and Nx are predicted fatigue 
lives using baseline fatigue model parameters (A0) and new fatigue damage parameters 
(X), respectively. The calibrated fatigue model parameters (see Table 5-2) were 
considered as the baseline parameters. For instance, for the case where the maximum 
fatigue load was 40% of static strength, by changing each of a, P and eth at a time from 
the baseline values and fixing the other two, the predicted fatigue life changed by 
factors of -0.8, 10.0 and 10.3, of the parameter value changes respectively. It is evident 
from Table 5-3 that the model is more sensitive to P and £th than to a. Moreover, by 
increasing the maximum fatigue load level, the sensitivity of the model to p and £ti, 
decreased whilst the sensitivity of the model to a remained unchanged. This is 
consistent with the earlier observations, summarised in Fig. 5-9 above.
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5.5 Results and discussions
In this section, the fatigue damage model detailed in Section 5.3 and calibrated in 
Section 5.4 is applied to the SLJ and the LDB and the results are discussed.
5.5.1 The single lap joint
The single lap joint was examined under fatigue loading using the fatigue damage 
model. The static model detailed in Chapter 4 was integrated with the fatigue damage 
model and the fatigue lifetime was predicted. The material properties, boundary 
conditions and finite element model were the same as the static model. As with the 
static model, a bi-linear traction-separation response with the maximum nominal stress 
and BK criteria for damage initiation and propagation criteria, 114 and 66 MPa for 
tractions in normal and shear directions and 1.4 and 2.8 kJm'2 for G\c and Guc fracture 
energies was used for the adhesive bond line and the aluminum substrates were 
modelled by damage free four-noded plane stress elements (CPS4) with the mechanical 
properties summarised in Section 3.2.
The fatigue damage model outlined in Section 5.3 with the model parameters of (a, p, 
£th) = (1.5, 2, 0.0319) obtained in Section 5.4 was used to simulate fatigue damage in the 
adhesive layer of the SLJ. The fatigue lives predicted for the SLJ using the proposed 
fatigue model were 195,300 and 26,900 cycles for the maximum load levels of 40% and 
50% of the static strength, respectively. The predicted load-life data correlated well 
against the corresponding experimental data, as shown in Fig. 5-10. The fatigue load 
has been expressed as a fraction of the static failure load of the SLJ.
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Number of cycles to failure 
Fig. 5-10. Comparison between the experimental and numerical load-life fatigue data of the S LJ
The Von-Mises stress and fatigue damage variable (SDV) contour plots for the SLJ at 0, 
1/3, 2/3 and all of the fatigue life are depicted in Fig. 5-11. The red colour in the fatigue 
damage parameter contours indicated fully damaged material that exhibits no fatigue 
resistance. Moreover, the variations of fatigue damage in terms of the length along the 
overlap for the SLJ at 0, 1/3, 2/3 and all the fatigue life are shown in Fig. 5-12. The 
damage values of 0 and 1 imply undamaged and fully damaged material, respectively. It 
can be seen in Fig. 5-12 that there was a small ligament of undamaged adhesive in the 
SLJ at final failure. This was because the joint could no longer sustain the maximum 
fatigue load and it failed statically in a catastrophic manner. As shown in Fig. 5-11 and 
Fig. 5-12 the damage initiated and propagated symmetrically from both overlap ends.
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N = 0
S, Mises 
(Avg: 75%)
+ 3.002e+02 + 2.753e+02 + 2.504e+02 + 2.255e+02 + 2.006e+02 + 1.757e+02 + 1.508e+02 + 1.259e+02 + 1.009e+02 +7.603e+01 + 5.112e+01 + 2.621e+01 + 1.294e+00
SDV1(Avg: 75%)
+0.000e+00 +0.000e+00 +0.000e+00 +0.000e+00 +0.000e+00 +0.000e+00 +0.000e+00 +0.000e+00 +0.000e+00 +0.000e+00 +0.000e+00 +0.000e+00 +0.000e+00
N = 1/3 Nf
S, Mises (Avg: 75%)
+ 3.020e+02 + 2.768e+02 + 2.517e+02 + 2.266e+02 + 2.014e+02 + 1.763e+02 + 1.511e+02 + 1.260e+02 + 1.009e+02 +7.571e+01 + 5.057e+01 + 2.543e+01 + 2.917e-01
SDV1(Avg: 75%)
+ 1.000e+00 +9.167e-01 +8.333e-01 +7.500e-01 +6.667e-01 + 5.833e-01 + 5.000e-01 +4.167e-01 + 3.333e-01 + 2.500e-01 + 1.667e-01 +8.333e-02 +0,000e+00
N = 2/3 Nf
S, Mises (Avg: 75%)
+ 3.047e+02 + 2.793e+02 + 2.539e+02 + 2.285e+02 + 2.031e+02 + 1.777e+02 + 1.523e+02 + 1.270e+02 + 1.016e+02 +7.619e+01 + 5.081e+01 + 2.543e+01 +4.116e-02
SDV1(Avg: 75%)
+ 1.000e+00 +9.167e-01 +8.333e-01 +7.500e-01 +6.667e-01 + 5.833e-01 + 5.000e-01 +4.167e-01 + 3.333e-01 + 2.500e-01 + 1.667e-01 +8.333e-02 +0.000e+00
N = N
S, Mises (Avg: 75%)
+ 3.117e+02 + 2.858e+02 + 2.598e+02 + 2.338e+02 + 2.078e+02 + 1.819e+02 + 1.559e+02 + 1.299e+02 + 1.039e+02 +7.794e+01 + 5.196e+01 + 2.598e+01 +7.846e-04
SDV1(Avg: 75%)
+1.000e+00 +9.172e-01 +8.344e-01 +7.515e-01 +6.687e-01 +5.859e-01 + 5.031e-01 +4.202e-01 + 3.374e-01 + 2.546e-01 + 1.718e-01 +8.893e-02 +6.111e-03
Fig. 5-11. Fatigue damage variable (SDV) and Von-Mises stress contour plots for the S LJ at 0, 1/3,
2/3 and 1 of total number of cycles
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-®— N = 0 
-a— N = 1/3 Nf 
tor- N = 2/3 Nf 
-*— N = Nf
Length (mm)
Fig. 5-12. Damage variations vs. length along the overlap of the SLJ at Max fatigue load of 50% of
static strength
Several sets of experimental backface strain data were obtained and a typical one is 
shown in Fig. 5-13 along with the predicted data, for the SLJ. As shown in Fig. 5-13, 
the predicted and measured backface strains of the bonded joint agreed reasonably well. 
It can be seen that the backface strain increased initially followed by a decrease. This 
backface strain reduction was due to a local deformation relaxation at the location of the 
strain gauge as the crack passed under the strain gauge position.
1200
Normalised fatigue lifetime
Fig. 5-13. Comparison of the predicted and measured backface strain variations for the S LJ at 1mm 
inside the overlap and maximum fatigue load of 50% of static strength
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The damage of the adhesive was monitored carefully by using the backface strain and 
video microscopy techniques. The tests were stopped at certain cycles and the bond line 
was examined using a travelling video microscope. The video microscopy images are 
shown in Fig. 5-14. It should be noted that the side-spew adhesive was not fully 
removed as this provided a convenient method of enhancing the view of the cracks.
2,000
cycles
4,000
cycles
12,000
cycles
20,000
cycles
16,000
cycles
0
cycles
6,000
cycles
14,000
cycles
Fig. 5-14. Video-microscopy images for the first 20,000 cycles of the SLJ fatigue test at 40%
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To characterise this visually observed damage, the variation of backface strain with 
crack length (Fig. 5-15 (b)) was determined numerically and the results were compared 
with the experimentally obtained backface strain variations in terms of the number of 
cycles (Fig. 5-15 (a)).
Chapter 5
C o n s t a n t  a m p l i t u d e  f a t i g u e  t e s t i n g  a n d  m o d e l l i n g
Fig. 5-15. The backface strain (BFS) variations for fatigue test of S LJ at 40% max load, a) 
Experimental BSF vs. number of cycles, b) Numerical BSF vs. crack length
As is evident from Fig. 5-15(a), the strain gauge recorded the value of 930 micro strain 
at 20,000 fatigue cycles and the numerical analysis (see Fig. 5-15(b)) predicted ~1.2mm 
crack length for this strain value which correlated very well with the observed damage 
in Fig. 5-14 at 20,000 cycles.
5.5.2 The laminated doubler in bending
The response of the LDB under fatigue loading was predicted. The fatigue damage 
model detailed in Section 5.3 of this chapter was applied to the LDB static model 
described in Chapter 4. As with the static model, a bi-linear traction-separation response
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with the maximum nominal stress and BK criteria for damage initiation and propagation 
criteria, 114 and 66 MPa for tractions in normal and shear directions and 1.4 and 2.8 
kJm' for Gic and Gnc fracture energies was utilised for the adhesive bond line between 
the stringer and the laminate and other adhesive layers and aluminum were modelled by 
damage-free four-noded plane strain elements (CPE4). Moreover, a tapered thickness 
was considered for the adhesive bond line between the stringer and the laminate with 
0.3 and 0.1 mm for the maximum and minimum thicknesses as observed in the actual 
specimens.
The fatigue damage parameters calibrated against the SLJ and outlined in Table 5-2 
were to be validated against the LDB. Therefore, the fatigue damage model parameters 
of (a, (3, 8th) = (L5, 2, 0.0319) were used to simulate fatigue damage in the adhesive 
layer of the LDB. The fatigue lives predicted for the LDB using the proposed fatigue 
model were 43,500, 8,200 and 2,500 cycles for the maximum load levels of 40%, 50% 
and 60% of the static strength, respectively. The predicted and experimental load-life 
data are compared in Fig. 5-16. As can be seen a good correlation was obtained between 
the predicted and experimental load-life data. The maximum fatigue load is expressed 
as a fraction of the static strength of the LDB.
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Number of cycles to failure 
Fig. 5-16. Comparison between the experimental and numerical load-life fatigue data of the LDB
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Furthermore, correlation between the experimental and numerical backface strain data 
can provide an independent validation of the damage model. The predicted backface 
strain variation of the LDB using the proposed fatigue model was compared with the 
corresponding experimental data obtained by Sugiman (2010) in Fig. 5-17. This 
confirms that the proposed damage model successfully predicted the damage evolution 
and was consistent with the corresponding experimental damage.
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Fig. 5-17. Comparison of the predicted and measured backface strain variations for LDB at 2 mm 
inside the overlap and maximum fatigue load of 60% of static strength
The Von-Mises stress and fatigue damage variable (SDV) contour plots for the LDB at 
0, 1/3, 2/3 and all the fatigue lifetime are illustrated in Fig. 5-18. The red colour in 
fatigue damage parameter contours indicated the fully damaged material that can exhibit 
no fatigue resistance. Furthermore, the fatigue damage variations against the length 
along the overlap for the LDB at 0, 1/3, 2/3 and all of the fatigue life are plotted in Fig.
5-19. The damage values of 0 and 1 imply undamaged and fully damaged material, 
respectively. Contrary to the SLJ for which the ligament of undamaged adhesive at final 
failure in Fig. 5-12 was due to the fast failure, the ligament of undamaged adhesive in 
Fig. 5-19 for the LDB occurred due to the fatigue crack growth arrest. This was because 
as the length of the undamaged joint decreased a decreasing portion of the lower 
substrate moment was transferred through the adhesive to the upper substrate, thus 
reducing the adhesive stress level to a value below the fatigue threshold.
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SDVl(Avg: 75%)
+ 1.000e+00 +9.167e-01 +8.333e-01 +7.500e-01 +6.667e-01 + 5.833e-01 + 5.000e-01 +4.167e-01 + 3.333e-01 + 2.500e-01 + 1.667e-01 +8.333e-02 +0.000e+00
SDVl(Avg: 75%)
+ 1.000e+00 +9.167e-01 +8.333e-01 +7.500e-01 +6.667e-01 + 5.833e-01 + 5.000e-01 +4.167e-01 + 3.333e-01 + 2.500e-01 + 1.667e-01 +8.333e-02 +0.000e+00
S, Mises 
(Avg: 75%)
I +3.792e+02 + 3.476e+02 + 3.160e+02 + 2.844e+02 + 2.528e+02 + 2.212e+02 + 1.896e+02 + 1.580e+02 + 1.264e+02 +9.480e+01 +6.320e+01 + 3.160e+01 +0.000e+00
S, Mises 
(Avg: 75%)
+ 3.781e+02 + 3.466e+02 + 3.151e+02 + 2.836e+02 + 2.521e+02 + 2.206e+02 + 1.891e+02 + 1.576e+02 + 1.260e+02 +9.453e+01 +6.302e+01 + 3.151e+01 + 1.954e-05
SDVl
(Avg: 75%)
+0.000e+00 +0.000e+00 +0.000e+00 +0.000e+00 +0.000e+00 +0.000e+00 +0.000e+00 +0.000e+00 +0.000e+00 +0.000e+00 +0.000e+00 +0.000e+00 +0.000e+00
S, Mises (Avg: 75%)I +3.781e+02 + 3.466e+02 + 3.151e+02 + 2.836e+02 + 2.521e+02 + 2.206e+02 + 1.891e+02 + 1.576e+02 + 1.260e+02 +9.453e+01 +6.302e+01 + 3.151e+01 + 1.953e-05
N = 1/3 Nf
S, Mises (Avg: 75%)
+ 3.782e+02 +3.466e+02 + 3.151e+02 + 2.836e+02 + 2.521e+02 + 2.206e+02 + 1.891e+02 + 1.576e+02 + 1.261e+02 +9.454e+01 +6.303e+01 + 3.151e+01 + 1.947e-05
N = 2/3 Nf
N = Nf SDVl
(Avg: 75%)
+ 1.000e+00 +9.167e-01 +8.333e-01 +7.500e-01 +6.667e-01 + 5.833e-01 + 5.000e-01 +4.167e-01 + 3.333e-01 + 2.500e-01 + 1.667e-01 +8.333e-02 +0.000e+00
50% of static strength
Fig. 5-18. Fatigue damage variable (SDV) and Von-Mises stress contour plots for LDB at 0, 1/3, 2/3
and ail of total number of cycles
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Fig. 5-19. Damage variations vs. length along the overlap of the LDB at Max fatigue load of 50% of
static strength
5.6 Conclusions
Two adhesively bonded joints, namely the single lap joint and the laminated doubler in 
bending having the same adhesive system (adhesive material, surface pre-treatment and 
priming) but different geometries were tested, modelled and studied under constant 
amplitude fatigue loading. The fatigue tests were conducted at a constant load ratio of 
0.1 and various maximum load levels, expressed as the fractions of the static strength of 
the particular joints. The average fatigue lifetime obtained for the SLJ at 40% and 50% 
of the static strength were 166,850 and 33,400 cycles and for the LDB at 40%, 50% and 
60% were 60,040, 11,650 and 2,200 cycles, respectively.
A combined cohesive and near interfacial failure mode was observed for the fractured 
surfaces of the both joints under fatigue loading. Furthermore, the cohesive failure 
appeared to be closer to the interface when the crack growth rate was lower. The 
backface strain technique and in-situ video microscopy were employed to assess the 
damage evolution in the adhesive bond line. The backface strain technique was able to 
identify different damage evolution scenarios such as symmetric and asymmetric 
damage evolution.
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A numerical fatigue damage model was developed and employed for the two bonded 
joints. Thereby, a bi-linear traction-separation description of the cohesive zone model 
was integrated with strain-based fatigue damage to predict the fatigue behaviour of the 
adhesively bonded joints. The fatigue damage was simulated by degrading the bi-linear 
traction-separation response and was implemented by coupling the ABAQUS Standard 
finite element code with a FORTRAN subroutine.
To obtain the fatigue model parameters, parametric studies were conducted and the 
effects of the fatigue model parameters (a, (3 and eth) on the load-life data were 
investigated. Moreover, a sensitivity study was undertaken to further quantify the effect 
of these parameters on the fatigue response. It was found that the fatigue model is more 
sensitive to p and 8th than to a. Furthermore, by increasing the maximum fatigue load 
level, the sensitivity of the model to P and sth decreased whereas the sensitivity of the 
model to a remained unchanged. The appropriate fatigue model parameters were 
determined by calibrating against the fatigue response of the SLJ. These were then 
validated against the LDB joint.
It was found that the predicted results including the load-life data and the evolving 
backface strain and hence the evolving damage correlated well against the respective 
experimental data. Moreover, the combination of the backface strain data, the 
microscopy observations and the numerical results was found to be an efficient 
approach of characterising damage in adhesively bonded joints.
C h a p t e r  5
C o n s t a n t  a m p l i t u d e  f a t i g u e  t e s t i n g  a n d  m o d e l l i n g
1 2 8
C h a p t e r  6
G e n e r a l i s e d  c o n s t a n t  a m p l i t u d e  
f a t i g u e  t e s t i n g  a n d  m o d e l l i n g
C h a p t e r  6
G e n e r a l i s e d  c o n s t a n t  a m p l i t u d e  f a t i g u e  t e s t i n g  a n d  m o d e l l i n g
6.1 Introduction
Constant amplitude fatigue loading can be characterised by three load parameters: (a) 
maximum fatigue load, (b) load ratio (R, the ratio of minimum to maximum fatigue 
load), and (c) frequency. The effects of these fatigue load parameters depend on the type 
of adhesive system and the joint configuration being used. Although extensive work has 
been undertaken in investigating the effect of fatigue loading characteristics on the 
fatigue behaviour of metals, relatively few studies have been dedicated to studying these 
effects in polymeric adhesive systems. The effect of load ratio has been found to be 
significant in the fatigue response of adhesive materials (Crocombe and Richardson 
(1999), Elkadi and Ellyin (1994), Mandell and Meier (1983)). It was observed that 
increasing the load ratio for a constant maximum fatigue load increased the fatigue life 
(Mandell and Meier (1983), Elkadi and Ellyin (1994), Underhill and DuQuesnay 
(2006)), whereas increasing the load ratio for a constant load range had a deleterious 
influence on the fatigue response and decreased the fatigue lifetime (Crocombe and 
Richardson (1999)). However, the effect of frequency on adhesively bonded joints was 
found to be less important (Crocombe and Richardson (1999), Underhill and 
DuQuesnay (2006)). Therefore, in many cases, the maximum fatigue load and the load 
ratio determine the fatigue response of adhesively bonded joints.
In this chapter, the effect of load ratio and maximum fatigue load on the failure 
behaviour of adhesively bonded joints under constant amplitude fatigue loading was 
studied experimentally and modelled numerically using the finite element method. 
Single lap joints were tested under cyclic loading at different load ratios and load levels 
to characterise their response. The fatigue model detailed in Chapter 5 was modified to 
account for the load ratio effect on fatigue failure. This model was then validated 
against the experimental results to predict the fatigue response of adhesively bonded 
joints. The numerical results were found to be in good agreement with the 
experimentally observed fatigue damage evolution and fatigue life.
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The effect o f the load ratio on the fatigue behaviour of the bonded joints was studied by 
conducting fatigue tests on single lap joints at various load ratios and load levels. The 
details of the SLJ, including the dimensions, materials, surface pre-treatment and 
priming were discussed in Chapter 3. The fatigue tests were carried out under load 
control and at two different load ratios (Pmin/Pmax) of 0.1 and 0.5 and a frequency o f 5 
Hz. Moreover, maximum fatigue load levels were considered as percentages o f the 
static failure load of the SLJs. The tests undertaken at the load ratio of 0.1 were 
conducted at maximum fatigue load levels of 40%  and 50%  o f the static strength of the 
SLJ. The maximum fatigue loads of 64%  and 75%  of the static strength were used for 
the tests conducted at a load ratio of 0.5. The results of the fatigue tests at the load ratio 
of 0.1 were presented in Section 5.2 and the results of the fatigue tests at the load ratio 
of 0.5 are discussed in this chapter. The results of the fatigue tests o f the SLJs at the 
load ratio of 0.5 are summarised in Table 6-1.
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T ab le  6-1 . E xp erim en ta l fa tig ue  resu lts  o f the  SLJ a t th e  load ra tio  o f 0 .5
Max fatigue load 
(of static strength) Load ratio
Frequency
(Hz) Fatigue life
0.64 0.5 5 95,000
0.64 0.5 5 135,700
0.75 0.5 5 13,000
0.75 0.5 5 16,000
Average fatigue lives of 115,000 and 14,500 cycles were obtained for the SLJs 
subjected to the fatigue loading at the load ratio of 0.5 and the maximum fatigue load 
levels of 64%  and 75%  of the static strength, respectively. Typical fracture surfaces for 
fatigue tested SLJ are shown in Fig. 6-1. It can be seen that the failure was cohesive, 
running either fully within the adhesive layer or close to the interface. It can be seen that 
with lower maximum fatigue loads, the region of near-interfacial failure increased. This 
is possibly because, as the damage evolution is slower in the low load case, a local 
toughened zone forms around the crack tip that causes the crack to follow the weaker 
path around the locally toughened material, thus deflecting towards the interface.
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Fig. 6-1 . Failu re  s u rfaces  o f the  SLJ a t R=0.1 and  0.5  and  d iffe re n t load  levels
Furthermore, backface strain was used to assess the damage evolution. Therefore, one 
strain gauge was attached 1 mm inside the overlap on both sides of the substrates and 
the variation of the backface strain was recorded during the fatigue loading. This 
method was discussed in detail in Section 2.2.3.1. Fig. 6-2 shows the backface strain 
variations for the SLJ under fatigue loading at load ratios of 0.5 and 0.1 and maximum 
fatigue loads of 75%  and 50% of static strength, respectively. These two fatigue loading 
conditions gave reasonably similar fatigue lives.
The backface strain history obtained from the fatigue tests can be divided into three 
regions as shown in Fig. 6-2. In region I, the backface strain changes were small 
indicating damage initiation. Then, in region II, the backface strain in both the gauges 
(SGI and SG2) increased signifying that damage evolved symmetrically from both 
overlap ends. Finally, in region III, the strain value rapidly increased on one of the 
strain gauges and reduced on the other one. This trend indicates that the damage 
evolution accelerated at the end with decreasing strain. This backface strain reduction is 
due to a local deformation relaxation at the location of the strain gauge as crack passes 
under the strain gauge position. Moreover, it can be seen from Fig. 6-2 that at the lower 
load ratio the stable crack growth phase (region II) was relatively shorter and the 
unstable crack growth phase (region III) was relatively longer.
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C ycles
C ycles
1 mm
SG1 SG2
Fig. 6-2 . T h e  varia tio n  o f the  m easu red  b ack face  s tra ins  in the  SLJ at: (a) R = 0 .5  and  Pmax=0.75 Ps
and  (b) R=0.1 and Pmax=0. 5 Ps
In addition to the experimental fatigue data obtained by the author for the 
aluminium/FM 73M OST SLJs, another set of experimental fatigue tests data was used 
in this chapter for experimental and numerical investigations. This supplementary set of 
fatigue tests was performed by Crocombe and Richardson (1999) on a tapered single lap 
joint (TSLJ), shown in Fig. 6-3.
3.2 mm 
* 
t
Specimen width = 12.5 mm 
Adhesive thickness = 0.165 mm
-23 mm-
0.7 mm
1.5r
-25 mm- -70 mm- -30 mm-
Fig. 6-3. T h e  t a p e r e d  single lap joint ( C r o c o m b e  a n d  R i c h a r d s o n  (1999))
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In these joints, steel substrates were bonded using AVI 19 adhesive, a hot cure rubber 
toughened epoxy from Ciba-Geigy Polymers. The stress-strain curve of adhesive 
AVI 19 is shown in Fig. 6-4 The yield and ultimate stresses of the substrates material 
were 500 and 650 MPa, respectively. The average quasi-static failure load was obtained 
as 13.7 kN. Full failure fatigue tests were conducted at three different load ratios of 0.1, 
0.5 and 0.75 and various levels of maximum load.
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Fig. 6-4. S tress -s tra in  curve  fo r ad h es ive  A V 119  (H am b ly  (1998 ))
The load-life curves obtained from the fatigue tests of the aluminium/FM 73M OST 
SLJs at the load ratios of 0.1 and 0.5 are shown in Fig. 6-5 and compared with the load- 
life curves obtained for the steel/AVl 19 SLJs. In Fig. 6-5, the maximum fatigue load. 
Pmax, normalised by the static failure load, Ps, is plotted against the fatigue life for R=0.1 
and 0.5.
It is evident from Fig. 6-5 that the fatigue responses of the single lap joints were 
dependent on the load ratio. However, the degree of dependency can vary with different 
adhesive systems. A horizontal line on Fig. 6-5 can be used to find the fatigue life 
obtained for a certain maximum fatigue load and different load ratios. For instance, by 
maintaining Pmax=0.5Ps and increasing the load ratio from 0.1 to 0.5, the fatigue life of 
the SLJ bonded with the adhesive AVI 19 increased by a factor of 5, while for the 
adhesive FM 73M OST the life increased by a factor of over 50. This indicates a higher
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dependency of the adhesive FM 73M OST in comparison with the adhesive AVI 19 to 
the load ratio. The extrapolated load-life data point was used for the adhesive FM 73M 
OST at R=0.5 and / ,max= 0 .5 />s for calculating the increase in fatigue life resulting from 
changing the load ratio from 0.1 to 0.5 (see Fig. 6-5).
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N u m b er o f cyc les  to  fa ilu re
■"•—FM 73M, R=0.1 -®-AV119, R=0.1
FM 73M, R=0.5 - a -  AV119, R=0.5
Fig. 6 -5 . E xp erim en ta l load -life  fa tig u e  data  fo r the  SLJ bonded  w ith  ad h e s ive s  FM  73M  and  A V 119  
(C ro co m b e  and  R ichardso n  (1999)) fo r R=0.1 and  0 .5
6 .3  M e t h o d o lo g y  o f  m o d e ll in g  th e  e f f e c t  o f  lo a d  ra tio
The fatigue damage model developed in Chapter 5 characterised the fatigue loading 
using a constant load equal to the maximum fatigue load. To model the actual fatigue 
loading, in addition to the maximum fatigue load, another characteristic o f the fatigue 
loading needs to be incorporated into the model. In this chapter, this was accommodated 
by using the load ratio R. To accommodate the load ratio effect, it was suggested that 
the fatigue loading be projected to the corresponding fully reversed (R=-1) load point. 
To illustrate this, a schematic fatigue master diagram, representing all fatigue loading 
characteristics including maximum ( P max ) ,  minimum (P,™), amplitude (Pa), mean (Pm) 
loads and load ratio (R), is illustrated in Fig. 6-6. In this figure, two points (A and B)
with the same maximum fatigue load of / >max,AB but different load ratios of RA and Rb
1 3 5
{Ra < R\£) are shown. Two curves (PsA' and P$B') passing though the points A and B 
correspond to constant fatigue lives of Na and Nb, respectively. These empirical curves 
represent all possible combinations of fatigue loading that result in constant fatigue 
lives of Na and Nb, respectively. It is expected that when Pa is zero Pm must equal the 
static strength (Ps) for failure to occur.
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As shown in Fig. 6-6, the points A and B were projected to the points A' and B\ 
respectively. For this purpose, a correction factor was derived using empirical constant- 
life equations such as linear Goodman or parabolic Gerber equations (Eq. 6-1).
4 +
P. V J
= 1,
m = 1, for Goodman 
m = 2, for Gerber Eq. 6-1
In Eq. 6-1, Pa and Pm are the load amplitude and mean fatigue load, respectively, and 
Pa is the equivalent load amplitude at R = - 1 (fully reversed), that has the same fatigue 
life as the arbitrary fatigue load with amplitude and mean loads of Pa and Pm has. Ps is 
the ultimate static strength of the bonded joint.
Fig. 6-6 . A  sc h e m atic  o f fa tig u e  m as te r d iagram
The Goodman and Gerber diagrams are shown in Fig. 6-7. Lines on these constant-life 
diagrams represent all possible combinations of the load amplitude and mean fatigue
1 3 6
load that have the same fatigue life. In this diagram lines passing through the origin 
represent the loci of constant load ratio.
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Fig. 6-7. G o o d m an  and G e rb e r em p irica l ex p re ss io n s  o f the  load ratio  e ffe c t on  fa tig u e  life .
By solving Eq. 6-1 for Pa and substituting Pa and Pm with Pmax (1 -  R)/2 and 
Bfnax (1 + R)/2 respectively, Eq. 6-2 can be obtained.
P = P ya  m ax /
y =
(l -  R)/2
1 -
2 Ps
(1 + R)
m = 1, for Goodman 
m = 2, for Gerber Eq. 6-2
Any combination of Pa and Pm on the constant-life diagrams (such as Goodman or
Gerber) can be projected to the corresponding fully reversed (R=-1) load point ( Pa ) by
multiplying its maximum fatigue load by the corresponding correction factor y. It can be 
seen from Eq. 6-2 that the correction factor varies from 1 to 0 as the load ratio varies
from -1 to 1. As the correction factor is a function of load ratio, by utilising Pa as the
numerically applied maximum load, the load ratio can be incorporated into the model. 
Alternatively, the maximum load can be assumed as the actual maximum fatigue load 
and the fatigue damage evolution law (Eq. 5-1) be modified based on the correction
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factor obtained in Eq. 6-2. This fatigue damage evolution modification is presented in 
Eq. 6-3.
A/) = -  ElhV ” F ’ E"»* > E<*
Here, AD is the increment of damage, AN is the cycle increment, emax is the maximum 
principal strain in the cohesive element, which is a combination of normal and shear 
components of strain (s„ and c5), zth is the threshold strain, a, /?, m  and n are fatigue
damage model parameters and together with £lh need to be calibrated against the 
experimental data and y is the correction factor defined in Eq. 6-2.
Maximum load Pmax
Fatigue damage ADF (  ^ f
evolution law ^  ~ a ve max _  8 th /
(DTDo
E
oV)
CO
CO
Max Load modification
^Df = 0 
ADF ( y
-Trr = a l8max-8,hJ AN
(Step 2 - Fatigue)
Damage evolution modification
— ro i
8 -5
Step time 
ft  (cycles)
1 (Step 2 - Fatigue)
o
ii
Correction factor Y =
(l — R) / 2
2\\ (l + R)
Fig. 6-8. Fatigu e  m odel m o d ifica tio ns
It should be noted that because y is a correction factor for the load, when applying it to 
the strain in the damage evolution law, the ductility needs to be taken into account. This 
is because, for a given stress change, a more ductile material exhibits larger strain
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v a riatio n . T h is  is a cc o u n te d  b y  in co rp o ra tin g  the p o w e r  n in the d a m a g e  e v o lu tio n  la w  
(E q . 6 - 3 ) .  T h e  tw o  a p p ro a ch es b a se d  o n  the m o d ifie d  m a x im u m  lo a d  and the m o d ifie d  
fa tig u e  d a m a g e  e v o lu tio n  are illu strated  in F ig . 6 - 8 .
N u m b er o f cyc les  to  fa ilu re
-----  Strain modification---- Pmax modification
R = 0.5 (Num) R = 0.5 (Num)
---- Strain modification --------- Pmax modification
R = 0.1 (Num) R = 0.1 (Num)
□ R = 0.5 (Exp) A R = 0.1 (Exp)
N u m b er o f cyc les  to  fa ilu re
Fig. 6-9 . C o m p aris o n  betw een  the  Pmax and  fa tig u e  d am age  e vo lu tio n  law  m o d ific a tio n s , a) load -life  
data, b) b ack face  s tra in  data  fo r R=0.1 and  Pmax/Ps=0.5
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It is essential for a physically correct fatigue damage model that it is able to predict both 
the fatigue life and the damage evolution consistent with the respective experimental 
results. Therefore, the experimental load-life and the backface strain results o f the 
aluminium/FM 73M  OST SLJ were compared with the corresponding numerical results 
predicted using the models based on the maximum load and fatigue damage evolution 
modifications. It was found that the fatigue life can be successfully predicted using both 
of the modifications but the predicted damage evolutions were significantly different.
Fig. 6-9 compares the predicted fatigue lives and damage evolution obtained using the 
models based on Pmax modification and fatigue damage evolution modification with the 
experimental results. As shown in Fig. 6-9(a), the load-life curves predicted by both of 
the approaches were in good correlation with the experimental results. Conversely, the 
predicted damage evolutions were considerably different (see Fig. 6-9(b)). As is evident 
from Fig. 6-9(b), the approach based on the damage evolution law modification could 
successfully predict the backface strain data whereas the approach based on the Pmax 
modification was not able to do so. Therefore, the damage evolution modification 
approach was chosen for predicting the effect of the load ratio.
6 .4  C a lib r a t io n  a n d  r e s u lt s
6 .4 .1  C o h e s iv e  z o n e  m o d e l calibration
The cohesive zone model properties presented in Table 4-3 were defined through a 
preliminary calibration process. To determine these properties, an initial value of 
fracture energy was chosen as typical of the range of values found in the literature for 
the adhesive used, namely FM 73M. This value was refined along with other properties 
such as the tripping traction, damage initiation and growth criteria and mesh size in an 
informed iterative technique to match the static strength of the bonded joints.
Considering only the static strength of the adhesively bonded joints cannot give an 
accurate and unique set of cohesive zone parameters as different sets of cohesive zone 
parameters can predict the same static strength. This is shown in Fig. 6-10.
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Tripping traction
Fig. 6 -10 . T he  e ffec ts  o f the  fra c tu re  energy  and  trip p in g  trac tio n  on the  s ta tic  fa ilu re  load
In Fig. 6-10, the effects of the fracture energy and tripping traction on the static failure 
load are shown schematically. It is evident that increasing the fracture energy or the 
tripping traction increases the predicted failure load. Furthermore, although different 
sets of fracture energies and tripping tractions, e.g. (G|,Ti), (G2,r 2) and (G3,r 3) in Fig. 
6-10, can predict the same static strength, only one set will be physically representative.
The variation of the backface strain with applied load during a static failure test 
implicitly reflects the combined state of adhesive and substrate yielding and adhesive 
damage initiation and propagation. In this section, a unique, physically acceptable set 
of cohesive zone parameters have been calibrated using the experimentally obtained 
backface strain history from the static tests on the single lap joint. The predicted static 
strength and the progressive damage evolution from the cohesive zone model were 
compared against the respective experimentally measured results. The backface strain 
variation was utilised as a measure of the progressive damage evolution. The predicted 
backface strains from two sets of parameters are compared with the experimental data in 
Fig. 6-11, where normalised load versus normalised backface strain data is plotted.
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N o rm alised  b ackface  s tra in
f o Exp. BFS Num. BFS (CZM)!  Num. BFS (CZM)2
Fig. 6 -11 . T he  e ffe c t o f the  co h es ive  zo ne  p aram eters  on the  p red ic ted  b ac k fa ce  s tra in  va ria tio n
The two predicted curves obtained from two sets of cohesive zone parameters are 
shown in Fig. 6-11. The first set, denoted as CZM|, has fracture energies of 1.4 kJ/m2 
and 2.8 kJ/nT in mode I and II and tripping tractions of 114 MPa and 66 MPa in mode I 
and II respectively. This set of cohesive zone parameters was used in Chapters 4 and 5. 
The second set, denoted as CZM 2, has fracture energies of 2 kJ/m2 and 4 kJ/m2 in mode 
I and II and tripping tractions of 65 MPa and 38 MPa in mode I and II respectively. 
Although the two sets (CZM| and CZM 2) predicted the static failure load accurately, the 
predicted backface strain variations are quite different above a certain load level (see 
Fig. 6-11). The second set of cohesive parameters (CZM 2) predicted both the static 
failure load and the backface strain (the damage evolution) accurately and thus have 
been used in the subsequent modelling.
To validate the proposed method, standard fracture mechanics tests were carried out by 
Sugiman (2010) using the double cantilever beam (DCB) to determine the fracture 
toughness of the aluminium 2024-T3 and FM 73M OST adhesive system (using the 
same surface preparation as used in the aluminium/ FM 73M OST SLJs). A range of
'y
fracture energy values (2.0 to 2.5 kJm" ) was obtained. This was in good agreement with 
the second set (CZM 2) obtained from the backface strain technique.
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It was found that the second set o f parameters (CZM2), along with the maximum 
nominal stress criterion for damage initiation (Table 4-2) and the Benzeggagh-Kenane 
(Eq. 4-5) mixed-mode criterion for damage evolution, accurately predicted both the 
static failure load and the backface strain variation. The cohesive zone parameters and 
the damage initiation and propagation criteria used for adhesives FM 73M OST and 
A V I 19 are summarised in Table 6-2.
T ab le  6-2 . C a lib ra ted  tra c tio n -s e p a ra tio n  resp on se
A d h e s iv e
T rip p in g  trac tio n  
n orm al (sh ear) 
M P a
F rac tu re  energy  
m o d e  I (m o d e  II) 
kJ /m 2
In itia tion
crite rion
P ro p ag a tio n
crite rio n
FM 73M OST 65 (38) 2(4)
Maximum 
nominal 
stress criterion
Benzeggagh-Kenane
(BK)
(with rp2)
AV119 120 (70) 1.2 (2.4)
Maximum 
nominal 
stress criterion
Benzeggagh-Kenane
(BK)
(with n=2)
A  static strength of 10.28 kN was predicted for the aluminium/ FM 73M  OST SLJs 
using the calibrated traction-separation response which was in excellent correlation with 
the experimentally measured value of 10.14+0.39 kN. Furthermore, the traction- 
separation response obtained using these parameters operated in the fracture energy 
controlled region. Fig. 6-12 compares the process zone length versus load predicted 
using the two sets of parameters (CZMi and CZM 2) for the aluminium/ FM 73M OST 
SLJ.
It can be seen from Fig. 6-12 that the CZM 2 parameters set predicted longer process 
zone comparing to the CZMi parameters set. This was because of the lower tripping 
traction used for the CZM 2 parameters set.
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Fig. 6 -12 . P rocess  zo n e  leng th  versu s  load p red ic ted  using the  tw o  sets  o f p a ram ete rs  (C Z M i and
C Z M 2) fo r the  a lu m in iu m / FM 73M  O S T  SLJ
6 .4 .2  F atigu e m o d e l calib ration  an d  re su lts
The fatigue model based on the damage evolution modification discussed in Section 6.3 
was employed for predicting the fatigue response of the aluminium/FM 73M OST and 
the steel/AVI 19 single lap joints under constant amplitude cyclic loading and different 
load ratios. To simulate the deleterious influence of the fatigue loading, a cyclic fatigue 
damage parameter was incorporated into the finite element model and the traction- 
separation response was degraded based on this fatigue damage parameter. This basic 
approach was discussed in more detail in Chapter 5. The fatigue damage evolved during 
the fatigue cycles based on the modified fatigue damage evolution law (Eq. 6-3).
In this fatigue model, a fatigue damage variable was introduced into the model at each 
element integration point. This variable was updated according to the strain-based 
fatigue damage law (Eq. 6-3) for each cycle increment (AN). The CZM properties of 
the cohesive elements were reduced based on this damage variable. The fatigue loading 
was characterised by a constant load equal to the maximum fatigue load and the effect 
of load ratio was included by incorporating a correction factor, y(PmeLX,R), in the fatigue 
damage evolution law (Eq. 6-3). This correction factor, dependent on the adhesive 
material, was derived based on the linear Goodman or parabolic Gerber equations (Eq.
6-1).
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Dependent on the adhesive material, an empirical constant-life curve can be fitted to the 
experimental data. Fig. 6-13 shows the constant-life data for single lap joints bonded 
with adhesives FM 73M OST and AVI 19 having a fatigue life of 105 cycles. It is 
expected that when the fatigue amplitude (Pa) is zero the mean load (Pm) must equal the 
static strength for failure to occur. It is evident from Fig. 6-13 that the experimental 
results for the adhesive FM 73M OST correlated well with the Gerber diagram, whereas 
those for the adhesive AVI 19 correlated well with the Goodman diagram. Therefore, 
the Goodman equation was used to derive the correction factor for the adhesive A V 119 
and the Gerber equation was utilised for the adhesive FM 73M OST.
The constant-life curves reflect the degree of dependency of the fatigue life to the 
loading conditions (i.e. mean and amplitude loads). The constant-life curve for adhesive 
FM 73M OST which follows the Gerber diagram indicates that this adhesive is less 
sensitive to the mean load and more sensitive to the amplitude load in the range of load 
ratio considered. Conversely, the constant-life curve for the adhesive A V 119 which 
follows the Goodman diagram shows that this adhesive is relatively less sensitive to the 
amplitude load and more sensitive to the mean load in the range of load ratio 
considered.
Pm/Ps
Fig. 6-13. Constant-life d i a g r a m s  for a d h e s i v e s  F M  7 3 M  a n d  A V 1 1 9
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A  load equal to the maximum fatigue load was applied to the model and FE analysis 
was performed with undamaged material properties. The maximum principal strain was 
obtained from the finite element analysis results for each cohesive element and the 
damage increment was calculated based on the damage evolution law (Eq. 6-3), which 
is a function of the fatigue cycles, the maximum principal strain, the threshold strain, 
the load ratio and the maximum fatigue load. In this expression the strains have been 
modified by the correction factor to produce “equivalent” fully reversed strains. The 
traction-separation response (initial Young’ s modulus, tripping tractions and fracture 
energies) was degraded linearly to zero based on the fatigue damage variable and the 
analysis was repeated using the newly degraded material properties. This iterative 
material degradation process was repeated until the damaged joint could no longer 
sustain the applied maximum fatigue load, at which point the joint failed. It is worth 
mentioning that if the maximum load was modified rather than the damage evolution 
law, the static failure (final fast failure) would not occur at the correct extend of fatigue 
damage or undamaged ligament.
To determine the appropriate values for the fatigue damage model parameters, a 
parametric study was undertaken. The fatigue damage model parameters so determined 
are summarised in Table 6-3. The effects of the parameters a, (3 and sth on the fatigue 
response of the bonded joints and the method of determining appropriate values were 
discussed in Section 5.4. Moreover, the parameter m can be determined from the 
constant life curves (Fig. 6-13) and the parameter n represents the degree of sensitivity 
of the adhesive system to the load ratio.
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T ab le  6-3 . T he  fa tig u e  d am age  m odel p aram eters
A d h e s iv e a P Eth m n
FM  73M  O S T 95 2 0.0265 2 (Gerber) 4
AV119 16 2 0.02 1 (Goodman) 1
The parameter n was considered as 4 and 1 for the adhesives FM 73M OST and A V I 19, 
respectively. This is consistent with the experimental fatigue results as it was observed 
that the adhesive FM 73M OST was significantly more sensitive to the load ratio than 
the adhesive A V I 19 (see Fig. 6-5). The effect of the parameter n on the fatigue response 
is schematically illustrated in Fig. 6-14.
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Fig. 6 -14 . T he  e ffe c t o f p a ram ete r n on load -life  curve
As shown in Fig. 6-14, increasing the parameter n increased the relative distance 
between the load-life curves at different load ratios. As mentioned earlier, the correction 
factor, y, varies from 1 to 0 as the load ratio increases from -1 to 1. Thus, this correction 
factor resulted in decelerating the damage evolution more significantly for a higher load 
ratio (see Eq. 6-3). This effect was intensified by raising the correction factor to an 
increasing power of n.
N u m b er o f cyc les  to  fa ilu re
•  Exp_FM  73M , R=0.1
 N um _FM  73M , R=0.1
■ Exp_FM  73M , R =0.5  
 Num _FM  73M , R =0.5
o Exp_AV119, R=0.1
■ -  Num _ A V 1 19, R=0.1  
□ Exp_AV119, R =0.5
■ -  Num _ A V 1 19, R =0 .5
F ig. 6 -15 . C o m p ariso n  betw een  the  exp erim en ta l (data  po in ts) and  n u m erica l (cu rves ) load -life  
resu lts  fo r a lu m in iu m /F M  73M  O S T  and  s tee l/A V 119  S L Js
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The fatigue failure responses of the single lap joints with 2 different adhesive systems, 
one with the FM 73M OST adhesive and aluminium 2024-T3 substrates and the other 
one with the adhesive AVI 19 and steel substrates, were predicted using the proposed 
fatigue damage model. The predicted load-life data correlated well with the 
experimental data, as shown in Fig. 6-15. The fatigue load has been expressed as a 
fraction of the static failure load of the particular configuration.
Moreover, the proposed fatigue damage model was employed for predicting the fatigue 
life of the LDB. As discussed in Chapter 3, the adhesive system (adhesive material, 
surface pre-treatment and priming) used for the aluminium/FM 73M OST SLJ and the 
LDB was the same. Therefore, the CZM parameters (Table 6-2) and fatigue damage 
model parameters (Table 6-3) calibrated against the aluminium/FM 73M OST SLJ 
experimental data were used for predicting the fatigue response of the LDB. Fig. 6-16 
compares the predicted and experimental load-life curves for the LDB. As can be seen 
from Fig. 6-16, the predicted results correlated well with the respective experimental 
data. However, only the experimental fatigue data at R=0.1 were available for the LDB.
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N u m b er o f cyc les  to  fa ilu re
Fig. 6 -16 . C o m p ariso n  b etw een  the  exp erim en ta l (data  po in ts) and  n um erica l (cu rves ) load -life
resu lts  fo r the  LD B  a t R=0.1
Typical predicted and measured backface strain variations for the FM 73M OST single 
lap joints subjected to fatigue loading at /?(/>max/Ps)=0.1(50%) and 0.5(75%) are 
compared in Fig. 6-17 and Fig. 6-18, respectively. As can be seen from the figures, the
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experimental backface strain increased rapidly at the beginning, whereas the numerical 
backface strain grew gradually. However, at the later stage predicted and measured 
backface strains correlated well.
N o rm alised  fa tig u e  n u m b er o f cyc les
Fig. 6 -17 . C o m p aris o n  o f th e  p red ic ted  and  m easu red  b ack face  s tra in  va ria tio n s  o f the  FM 73M  O S T  
SLJ a t 1 m m  ins ide  th e  o verlap , R=0.1 and Pmax=50% Ps
The fatigue model seems to be non-conservative in predicting the backface strain for the 
FM 73M OST SLJ at early stage of the fatigue life. This point will be discussed in more 
detail in Chapter 8.
N o rm alised  fa tig u e  n u m b er o f cyc les
Fig. 6 -18 . C o m p aris o n  o f the  p red ic ted  and  m easu red  b ack face  s tra in  v a ria tio n s  o f the  FM  73M  O S T  
SLJ a t 1 m m  ins ide  the  o verlap , R=0.5 and  Pmax=75% Ps
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6 .5  C o n c l u s i o n s
The structural behaviour of adhesively bonded joints subjected to constant amplitude 
fatigue loading at different load ratios was investigated using both experimental and 
numerical approaches. Moreover, a method for determining a physically acceptable set 
of cohesive zone parameters governing the static failure of an adhesive system has been 
presented. This was based on using both load and backface strain data from a static test.
Fatigue tests were conducted on single lap joints at different load ratios and maximum 
fatigue loads in order to study the effect o f load ratio on the fatigue response. The 
average fatigue lives of 115,000 and 14,500 cycles were obtained for the aluminium/FM 
73M  OST SLJs subjected to the fatigue loading at the load ratio of 0.5 and the 
maximum fatigue load levels o f 64%  and 75%  of the static strength, respectively. 
Moreover, a combination of cohesive and near interfacial failure was observed for the 
fatigued failure surfaces.
Based on the fatigue tests conducted at two different load ratios (R=0.1 and 0.5), the 
effect o f load ratio on the fatigue failure was found to be significant for the 2024-T3/ 
FM 73M OST adhesive system. The load-life curves obtained for the two load ratio 
values revealed that a decrease in the load ratio value for a constant maximum fatigue 
load has a significantly adverse effect on the fatigue life. Moreover, the load ratio effect 
observed for the adhesive FM 73M OST was found to be much more significant than in 
another reported adhesive system (AVI 19). Also, it was noted that A V I 19 followed a 
Goodman curve and FM 73M OST a Gerber curve for constant fatigue life.
The backface strain technique was employed to inspect the fatigue damage evolution at 
different load ratios. Three different damage evolution phases were defined during the 
fatigue loading at both load ratios of 0.1 and 0.5, including damage initiation, stable 
damage growth and fast damage propagation. Moreover, it was observed that at the 
lower load ratio the stable crack growth phase was relatively shorter and the unstable 
crack growth phase was relatively longer.
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The predictive fatigue damage model developed in Chapter 5 using a cohesive zone 
approach with a bi-linear traction separation response was successfully modified to 
account for the load ratio effect. To incorporate the influence o f load ratio, a correction 
factor, (a function of load ratio) was determined. The effect o f utilising this correction 
factor for modifying either the maximum fatigue load or the fatigue damage equation 
was investigated. It was found that although both of the modifications could 
successfully predict the fatigue life, only the results obtained by modifying the fatigue 
damage evolution were consistent with the backface strain data and thus the measured 
fatigue damage rate. Thus, the correction factor was used to modify the fatigue damage 
equation.
The fatigue damage model was validated against the experimental fatigue results o f the 
single lap joints bonded using two different adhesive systems including FM 73M  OST 
and A V I 19. The proposed model accurately predicted the effect o f load ratio on the 
fatigue lives of both the FM 73M OST and the A VI 19 single lap joints. However, the 
fatigue model tended to under-predict the backface strain for the FM 73M  OST SLJ at 
early stage of the fatigue life.
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7 .1  In tr o d u c tio n
Fatigue damage in adhesively bonded joints has been studied under both constant and 
variable amplitude loading. Due to the complexity of variable amplitude (V A) loading, 
fewer experimental and predictive studies have been undertaken in this area. Flowever, 
actual structures such as aircraft and automobile components generally experience 
irregular fatigue loading spectra and simplifying these to constant amplitude (CA) 
loading does not adequately represent the complex loading experienced by the structure. 
This is because of the significant distinctions between the responses of structures under 
constant and variable amplitude loading. One of the major differences is the load 
interaction that occurs due to load shifts in a V A  loading spectrum. The load interaction 
can considerably affect the fatigue behaviour of the structure. This effect can be 
different depending on the type of material. For instance, in ductile materials such as 
aluminium, the presence of the overloads in loading spectra can lead to crack 
retardation (Chen and Nisitani (1991)) whereas in relatively more brittle materials such 
as adhesives (Erpolat et al. (2004a)) and composite materials (Schaff and Davidson 
(1997)) this can give rise to crack growth acceleration. Researchers have explained 
these different effects by studying the influence of the load shifts on the region ahead of 
the crack (damage) front. They observed that for ductile materials the presence of the 
overloads in the loading spectra induces compressive residual stresses in the plastic 
zone ahead of the crack front (or causes crack tip closure or blunting) and decreases the 
crack growth rate (Chang et al. (1981)). Whilst in case of relatively brittle materials 
such as adhesives, researchers reported an increase in the process (damage) zone ahead 
of the crack front causing subsequent crack growth acceleration through the damage 
region (Erpolat et al. (2004a)).
Some methods have been developed to predict the fatigue life o f bonded joints under 
variable amplitude fatigue loading. These methods were detailed in Section 2.3.6. 
However, they are either empirical (providing limited understanding o f the underlying 
mechanisms) or are unable to take important V A  fatigue characteristics into account.
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Therefore, they were not able to provide reasonable predictions resulting in either 
highly conservative or highly unconservative fatigue life predictions.
In this chapter, the fatigue damage model developed in Chapter 6 for constant amplitude 
fatigue loading, incorporating fatigue load ratio effects, was adapted to simulate the 
detrimental influence of V A  fatigue loading. This model was validated against 
published experimental results (Shenoy et al. (2010)) obtained from fatigue tests carried 
out on adhesively bonded single lap joints subjected to various types of V A  fatigue 
loading spectra. This model successfully predicted the damaging effect o f V A  fatigue 
loading on the adhesively bonded joints and was generally found to be a significant 
improvement on the other damage models available.
7 .2  E x p e r im e n ta l  t e s t in g
The experimental results of the tests performed by Shenoy et al. (2010) on single lap 
joints, shown in Fig. 7-1, were used to validate the modelling methodology. The 
substrates, cut from 2,5 mm thick sheets of Clad 7075-T6 aluminium alloy, were 
bonded using the toughened epoxy film adhesive FM 73M.
Width = 25 mm 0.2 mm 
-*------ i
Fig. 7-1 . S in g le  lap  jo in t (SLJ)
12.5 mm ! T “2 5 mm^ F1
Lrt------------------------- 100 mm
The substrates were pre-treated using a patented alternating current, direct current 
(ACDC) anodisation process (Critchlow et al. (2006)) followed by the application of the 
B R ®  127 corrosion inhibiting primer. They studied the structural response of the single 
lap joint under quasi-static, CA fatigue and V A  fatigue loading. A  static strength of 
11.95±0.31 kN was obtained by applying the quasi-static loading with a constant 
displacement rate o f 0.1 mm/min. The SLJs were also tested in load-controlled fatigue. 
The constant amplitude fatigue tests were conducted at various load levels with a load
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ratio of 0.1 and frequency of 5 Hz. Various types of two-stage V A  fatigue loading 
spectra were applied on the SLJs. These VA fatigue loading spectra are shown in Fig.
7-2.
(Type A)
Rmax2i F;
(Typ e  B)
Rmax2’ Ft
R1 = R-j P„i = Pa
(Type  C)
P mav9i Rt
9
CL
(Typ e  D)
P m a x 2 >  ^2
Fmax1> Rl
n1 n2 -2------
Pmi = Pm2 O ve rlo ad
Fig. 7-2. V ario u s  V A  fa tig u e  load ing  spectra
As shown in Fig. 7-2, four different types of V A  fatigue loading were applied on the 
SLJs. In type A, the load ratios of the two stages were kept constant and the load 
amplitude (Pa) and mean load (7*™) were varied. In type B, the load amplitude was kept 
constant and the other two parameters were changed. In type C, the mean load was kept 
constant and the other two parameters were varied. Finally, in type D, overloads were 
introduced while the minimum load level was kept constant. The fatigue response of the 
SLJs under these four types of V A  fatigue loading with the parameters summarised in 
Table 7-1 was predicted using the numerical model proposed in this research.
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T ab le  7-1 . V A  fa tig u e  load ing  spectra  d escrip tion s
Load in g
sp ec tra
Load in g  co n d itio n s C ycles % ch a n g e s  in
P maxi 
(kN )
P max2 
(kN )
Ri r2 ni n2 R Pa Pm
A 6.5 8 0.1 0.1 10 5 0 23 23
B 6.5 8 0.1 0.27 10 5 169 0 42
C 6.5 7 0.1 0.02 10 5 -80 17 0
D 6.5 8 0.1 0.08 10 1 -19 26 21
7 .3  M o d e ll in g  m e t h o d o lo g y  a n d  r e s u lt s
7 .3 .1  S tatic  m o d e llin g
The SLJ with the dimensions shown in Fig. 7 -1 was modelled in ABAQUS standard 
finite element code. As shown in Fig. 7-1, the overlap length was 12.5 mm, the free 
length was 47.5 mm, the substrate thickness was 2.5 mm, the substrate width was 25 
mm and the bond line thickness was 0.2 mm.
A finite element model was developed to examine the SLJ under static tensile loading 
and predict the static strength. In this model, geometrical and material nonlinearities 
were included. Fig. 7-3 illustrates 2D finite element model having 2,375 elements and 
2,462 nodes and the boundary conditions for SLJ.
If M - f f l W H i n m m iim iii
ux = o 
► uy = 0
URZ = 0
Adhesive 
modelled by 
cohesive 
elements 
(COH2D4)
Uy = 0 
URZ = 0
Aluminium 
modelled by 
plane stress 
elements 
(CPS4)
Fig. 7-3. Finite e l e m e n t  m e s h  a n d  b o u n d a r y  c o n d i t i o n s
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Four-node plane stress elements (CPS4) were used for the substrates and four-node 
cohesive elements (COH2D4) with a bi-linear traction-separation response were utilised 
to study the progressive damage in the adhesive bond line. The size of the cohesive 
element was 0.1 x 0.2 mm throughout the adhesive bond line.
The stress-strain curve of 7075-T6 aluminium alloy (ASM  International (2002)) shown 
in Fig. 7-4 was used for the substrates.
S tra in
Fig. 7 -4 . S tress -s tra in  cu rve  fo r 7 0 75-T 6  a lum in iu m  a lloy  (A SM  In te rn a tio n a l (2002))
To calibrate the CZM  parameters, the critical strain energy release rate obtained by 
Shenoy et al. (2010) by conducting standard fracture mechanics tests was considered as 
the fracture energy and the tripping traction was obtained by correlation between the 
simulated and the experimental failure load. The initial stiffness can be assumed so that 
the compliance o f the joint is negligible before the damage initiation. The calibrated 
cohesive zone model parameters are summarised in Table 7-2.
T ab le  7-2 . C a lib ra te d  tra c tio n -s e p a ra tio n  resp on se  fo r  FM  73M
T rip p in g  trac tio n F rac tu re  energy
n orm al (sh ear) m o d e  i (m o d e  II) In itia tio n  crite rion P ro p a g a tio n  c rite rio n
M P a k J /m 2
72 (42) 2(4) Maximum nominal stress criterion
Benzeggagh-Kenane (BK) 
(with n=2)
1 5 7
C h a p t e r  7
V a r i a b l e  a m p l i t u d e  f a t i g u e  d a m a g e  m o d e l l i n g
It should be noted that the material properties used in this chapter for the FM 73M  
adhesive (see Table 7-2) were slightly different from those calibrated for the adhesive 
FM 73M OST in the earlier chapters. This was because the FM 73M adhesive used in 
this chapter was a different variant to the FM 73M OST adhesive used in the earlier 
chapters.
A  value of 11.94 kN was predicted for the static strength using the calibrated CZM  
parameters (Table 7-2). This was in good correlation with the experimentally measured 
value of 11.95±0.31 kN (Shenoy et al. (2010)).
7 .3 .2  V a ria b le  a m p litu d e  fa tig u e  m o d e llin g
The fatigue model based on the damage evolution modification, detailed in Section 6.3, 
was adapted to predict the fatigue response of adhesively bonded joints under variable 
amplitude cyclic loading. The numerically applied load was considered in blocks equal 
to the maximum fatigue load levels of the separate CA loading stages. This is shown in 
Fig. 7-5. In step one, the maximum fatigue load of the first CA stage in the V A  
spectrum was applied and the intact joint was analysed under static, undamaged 
conditions providing the state at the beginning of the fatigue loading. At this point, a 
fatigue damage variable was introduced into the model at all cohesive element 
integration points. This fatigue damage variable was evolved after each increment of 
cycles (A A ) based on the damage evolution law (Eq. 6-3) developed in Section 6.3. 
This damage evolution law was a function of the fatigue cycles, the maximum principal 
strain, the threshold strain, the load ratio and the maximum fatigue load. Then, the 
cohesive zone model response was degraded based on the fatigue damage variable. 
After completing the first CA stage, the load was changed to the maximum fatigue load 
of the second CA stage in the V A  spectrum and the same degrading process was 
implemented. The material degradation process mentioned above was repeated until the 
damaged joint could no longer sustain the applied maximum fatigue load, at which 
point the joint failed. Fig. 7-5 shows a V A  fatigue loading spectrum which consists of 
two CA fatigue stages with different characteristics (defined by different Pmax and load 
ratio).
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(Step 2)
Fig. 7-5. Fatigu e  d eg rad a tio n  o f coh es ive  e lem ents
Although, this model was implemented for a two-stage VA fatigue loading, it can easily 
be extended to a V A  fatigue loading with more than two CA fatigue stages. As shown in 
Fig. 7-5, each CA fatigue stage, depending on the loading characteristics, has different 
incremental damage growth rate which can be determined using Eq. 6-3.
The fatigue damage model parameters (a, (3, £,/,, n and m) need to be calibrated against 
the experimental tests to predict the fatigue failure response of the bonded joints. By
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undertaking a parametric study, the effects of the model parameters (a, p, 8th, m and n) 
on the fatigue response of the bonded joints were determined and discussed in Chapters 
5 and 6. An informed iterative approach was undertaken to determine appropriate 
fatigue model parameter values which are summarised in Table 7-3.
T ab le  7-3 . The fa tig u e  d am age  m odel p aram eters
a P £th m n
4 2 0.0265 2 (Gerber) 2
The fatigue damage model parameters (a, p, sth, n and m) were obtained by correlating 
the experimental and numerical load-life results of the SLJs under CA fatigue loading. 
Fig. 7-6 shows the comparison between the experimental and numerical results for CA  
fatigue at a load ratio of 0.1.
N u m b er o f cyc les  to  fa ilu re  
Fig. 7-6. E xp erim en ta l and  n um erica l c o n s ta n t am p litu de  fa tig u e  lo a d -life  data
Then, these parameters were used to predict the structural behaviour of adhesively 
bonded joints under the variable amplitude fatigue loading.
Fig. 7-7 compares the experimental load-life results with the predicted results obtained 
using the proposed model for various VA fatigue loading spectra discussed in Section 
7.2.
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Fig. 7-7 . C o m p aris o n  o f exp erim en ta l and  p red ic ted  fa tig u e  cycles to  fa ilu re  fo r  va rio u s  V A  fa tig u e
lo ad ing  spectra
The percentage errors between the experimental fatigue lives and the numerical results 
obtained using various predictive models for different types of variable amplitude 
fatigue loading spectra are summarised in Table 7-4.
T ab le  7-4 . C o m p ariso n  b etw een  the  exp erim en ta l and n um erical fa tig u e  lives  p red ic ted  using
d iffe re n t m etho d s
V A  fa tig u e  
L oad in g  
spectra
% E rro r
P a lm g ren -
M in er
Frac tu re  
m ech an ics  
(S h en oy  e t al. 
(2010))
D am age  
m ech an ics  
(S henoy  e t al. 
(2010))
P ro p o sed  m odel 
C ZM
A 25% -70% 72% -4%
B 63% -76% 17% -5%
C 2% -79% 31% -24%
D 103% -70% 94% -7%
calculated using the predicted results
It should be noted that for calculating the fatigue life using PM rule, individual 
experimental results of each CA fatigue stage in the VA fatigue loading spectra were 
required. However, only the experimental CA fatigue results for load ratio of 0.1 were 
reported by Shenoy et al. (2010), thus the CA fatigue results for other load ratios were 
obtained numerically using the proposed fatigue model where necessary.
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As can be seen from Table 7-4, the fracture mechanics based model significantly under­
predicted the fatigue lifetime for all loading spectra. This was because the fracture 
mechanics based models ignore the initiation phase of the fatigue life. Furthermore, the 
PM rule and the damage mechanics based model considerably over-predicted for all 
loading spectra. The over-prediction o f the PM rule can be attributed to the damage 
accelerative load interaction effect of the V A  fatigue loading on the adhesively bonded 
joint that was not accommodated in the PM approach. As is evident form Table 7-4, the 
proposed fatigue model could successfully predict the fatigue lives for the various types 
o f V A  fatigue loading spectra.
Fig. 7-8 shows the crack length versus number of cycles predicted by the proposed 
fatigue model for the SLJ subjected to the four types of the V A  loading spectra and the 
corresponding CA loading stages. It can be seen that in all cases, the crack growth rate 
for the V A  loading was between the crack growth rates of the corresponding CA  
loading stages. Moreover, considering the predicted CA crack growths in Fig. 7-8, it can 
be seen from Table 7-1 that although the load ratio increased (type B) or decreased 
(type D), the crack growth rate of the second stage was always quicker. The second 
stage in types B and D had the same increase in maximum fatigue load implying that 
the crack growth rate is mostly governed by the maximum fatigue load level in constant 
amplitude loading. As can be seen from Fig. 7-8, in all the four V A  spectra the crack 
growth rate was closer to the crack growth rate of the more severe CA loading stage 
(the second CA loading stage), even though the number of cycles o f the more severe 
CA loading stage in the V A  spectra (nf) was half or less than the number o f cycles o f 
the other CA loading stage (n\), see Table 7-1. This was the case even for the type D 
spectrum (see Fig. 7-8(d)) in which n\ and n2 were 1 and 10, respectively.
It can be seen from the CA crack growths curves (Fig. 7-8) that the CA loading stage 
with the lower maximum fatigue load level (CA stage 1) had a longer crack length 
before final failure. That was because a smaller ligament of undamaged adhesive was 
required to sustain this lower maximum fatigue load level. Furthermore, the V A  crack 
length before final failure for type D loading was noticeably shorter than the crack 
length of the more severe CA stage (CA stage 2) before final failure, although the 
maximum fatigue loads of the V A  spectrum were either the same as the maximum
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fatigue load of the more severe CA stage (CA stage 2) or less than this value (CA stage
1). This was somewhat surprising but further analysis of the numerical data showed that 
more loading cycles were applied before the final failure and most of these were at the 
lower level of loading (i.e. CA stage 1) which produced damage that was more 
uniformly spread although slower in rate. As this damage was more widespread, a 
longer ligament of adhesive was required to prevent static failure at the higher 
maximum fatigue load (i.e. in stage 2). The damage was more widespread at the lower 
fatigue load because the strain is raised to a power in the fatigue damage model (Eq. 
6-3) and this concentrates the damage more at the overlap ends in the more highly 
strained case of the higher Stage 2 maximum fatigue load.
5 ,000  10 ,000  15 ,000 20 ,000  25 ,000  
N u m b er o f cyc les
5 ,000  10 ,000 15 ,000  20 ,00 0  25 ,000  
N u m b er o f cyc les
5 ,000  10 ,000 15 ,000 20 ,000  25 ,000  
N u m b er o f cyc les
CA stage 1 CA stage 2
5 ,000  10 ,000  15 ,000 20 ,00 0  25 ,00 0  
N u m b er o f cyc les
• VA  loading
C rack  g ro w th  o f the  V A  load ing  sp ectra  and  the  co rresp o n d in g  C A  s ta g e s  fo r spe c tra  a) 
typ e  A, b) typ e  B, c) typ e  C and  d) type  D
Fig. 7-8.
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The predicted process (damage) zone length of the V A  loading spectra and the 
corresponding CA stages detected ahead of a crack propagated 1 mm inside the overlap 
is shown in Fig. 7-9. As can be seen, the process zone length predicted for the V A  
loading spectra was equal to the process zone length predicted for the more severe CA  
loading stage (the second CA loading stage), except for type B which was slightly 
smaller. Considering that n2ln\ ratio for the spectra A, B and C was 0.5 and for the 
spectrum D was 0.1. This implies that the presence of even a few cycles with faster 
crack growth in the V A  fatigue loading spectrum gave rise to increasing the process 
(damage) zone length. This phenomenon is consistent with experimental observations 
reported by Erpolat et al. (2004a).
L oad in g  spectra
□  CA stage 1 ■  CA  stage 2 ■  VA loading
Fig. 7-9 . P red ic ted  p ro cess  zo n e  leng th  o f the  V A  load ing  spectra  and  the  c o rre s p o n d in g  C A  s tag es  
ah ead  o f the  c ra c k  p ro pagated  1 m m  inside the  o verlap
7 .4  C o n c l u s i o n s
The fatigue behaviour of the adhesively bonded joints under variable amplitude cyclic 
loading was predicted using a numerical fatigue damage model. This model was based 
on a cohesive zone model integrated with a strain-based fatigue damage model. The 
following conclusions were drawn:
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a) The results predicted using the proposed model were compared with the results 
obtained from other predictive models including: fracture mechanics, damage 
mechanics and PM rule based models. It was found that the proposed model 
unlike the fracture mechanics and damage mechanics based model which were 
significantly under-predictive and over-predictive, respectively, could 
successfully predict the fatigue life o f adhesively bonded joints.
b) Comparison between the crack growth rates predicted for the V A  loading 
spectra with the ones predicted for the corresponding CA loading stages 
revealed that the presence of even a small number of overloads in the V A  
fatigue loading spectrum increases the process (damage) zone and consequently 
accelerates the damage growth considerably.
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8 .1  In tr o d u c tio n
This chapter investigates failure behaviour of the mixed-mode flexure (MMF) specimen 
under static and fatigue loading experimentally and numerically. The MMF specimen 
was considered for further investigation and predictive model optimisation because 
there will only be a single location for the damage. This was an advantage over the SLJ 
and LDB in which asymmetric damage was likely to occur from both overlap ends and 
thus any measured response (i.e. backface strain) will be affected by damage at both 
ends, not uniquely characterising the damage at one end.
8 .2  E x p e r im e n t a l  t e s t in g
The MMF specimens were made of aluminium 2024-T3 (L) substrates bonded with FM 
73M OST adhesive. The material properties of the aluminium 2024-T3 (L) and the 
adhesive FM 73M OST (Section 3.2), the manufacturing process (Section 3.3.2) and the 
dimensions (Section 3.3.1) of the MMF specimens have been already discussed in 
Chapter 3. Similar to the SLJ and LDB, the bonding surfaces of the MMF specimens 
were subject to chromic acid etching (CAE) and phosphoric acid anodising (PAA) 
followed with an application of B R ®  127 corrosion inhibiting primer.
Fig. 8-1. M ixe d -m o d e  flex u re  s p ec im en  tes t se tu p
Static and fatigue failure responses of the MMF specimen were studied experimentally 
by conducting quasi-static and cyclic three-point bending tests (see Fig. 8-1). Five static
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tests were carried out giving an average static strength of 1.42 kN with a standard 
deviation of ±0.04 kN.
Typical experimental compliance and crack length variations of the MMF specimen 
under static loading are shown in Fig. 8-2. An in-situ microscope was employed to 
measure the crack length during the tests. As can be seen from Fig. 8-2, the maximum 
load was attained when the crack had propagated about 4 mm inside the overlap and 
after this the load carrying capacity started to decrease.
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Fig. 8-2 . Typ ica l exp erim en ta l c o m p lian ce  and crack  leng th  varia tio n s  o f M M F s p e c im e n  u n d er
sta tic  load ing
A multiple strain gauge (TML FXV-1-23-002LE, Techni Measure, UK), shown in Fig. 
3-8, with five gauges along a line spaced at 2 mm intervals was used to assess the 
damage evolution in more detail. The load vs. backface strain (BFS) curves derived 
from the five gauges attached on the MMF specimen substrate measured during the 
static loading are shown in Fig. 8-3.
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Fig. 8-3 . Load vs. b ack face  s tra in  (B FS ) curves  fo r the  M M F sp ec im en  d urin g  the  s ta tic  load ing
The strain gauges SGI, SG2, SG3, SG4 and SG5 were placed at 0, 2, 4, 6 and 8 mm 
distances from the overlap end, respectively.
Fatigue tests were carried out on the MMF specimens and the fatigue failure behaviour 
of the specimens was studied by monitoring the compliance, crack growth and the 
backface strain variations. The fatigue tests were conducted at a maximum fatigue load 
of 50% of static strength of the MMF specimen, a load ratio of 0.1 and 5Hz frequency. 
The experimental crack growth, compliance and backface strain variations with the 
number of fatigue cycles are shown in Fig. 8-4.
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Fig. 8-4. T yp ica l exp erim en ta l fa tig u e  resu lts  o f the  M M F sp ec im en , a) C rack  g ro w th  and  
d is p lacem en t, b) b ack face  s tra in  varia tio n s
Considering the crack growth and the BFS variations in Fig. 8-4 showed that once the 
crack passed a strain gauge, the BFS tended to become constant. This was because 
when the crack passed the gauge, the gauge was only on a single substrate behaving as a 
beam. As the bending moment and the second moment of area became constant, the 
strain value also became constant. Moreover, in a given gauge, the strain increased from 
a low value when the equivalent second moment of area of the beam was large 
(approaching a double substrate) through a transient region to a time when the 
equivalent second moment of area of the beam became a single substrate.
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It can be seen from Fig. 8-4 that although at the beginning of the fatigue test, the BFS 
showed a rapid increase, the crack progressed gradually. This trend can be accounted 
for by taking the process (damage) zone ahead o f the crack into consideration. The BFS 
technique as a localised damage assessment technique is capable of detecting the whole 
damage process including the crack and the process ahead of the crack.
The static and fatigue experimental data presented in this section are used in the next 
section for optimising the CZM and fatigue damage model parameters, respectively.
8 .3  M o d e l  o p t im is a t io n
An optimisation algorithm using the Excel solver tool was developed to optimise the 
CZM  and fatigue damage model parameters. The algorithm was applied on the static FE 
model of the MMF specimen to optimise the CZM  and then this optimal CZM  was 
incorporated into the fatigue model and the fatigue damage model was optimised using 
the algorithm.
8 .3 .1  M e th o d o lo g y  o f  o p tim isa tio n
The optimisation algorithm was considered to determine an optimal set o f parameters 
based on minimising the difference between the predicted and experimental objective 
functions. In the case of CZM  optimisation, the parameters that were optimised were the 
CZM  parameters including the fracture energies (Gic and Gucr) and tripping tractions (7j 
and Tn) and the objective functions were the static strength and BFS variations. 
Whereas in the case of fatigue damage model optimisation, the parameters optimised 
were the fatigue model parameters including a, P and eth and the objective functions 
were the compliance and BFS variations.
An initial set o f parameters termed the “default set” was considered. In addition to the 
default set, variant sets of parameters were considered by changing each parameter
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sequentially by 10% of the default value and keeping the other parameters fixed. The 
predicted objective functions corresponding to the default and variant sets of parameters 
were obtained using finite element analyses. A  variable set of parameters with initial 
values equal to the default set was considered and the corresponding predicted objective 
functions were obtained by linear interpolation in Excel using the data o f the default and 
variant sets. This variable set will be altered by the Excel solver tool to obtain an 
optimal set o f parameters. The summation of the squared normalised differences 
between the interpolated objective functions corresponding to the variable set and the 
respective experimental data, termed as the global error, was calculated. Then, this 
global error was minimised using the Excel solver tool by changing the parameter 
values in the variable set to obtain an improved set o f parameters. As the objective 
functions of the variable set were calculated using the linear optimisation, after each 
optimisation stage a FE analysis with the improved set of parameters was undertaken to 
determine the actual improvement o f the predicted objective functions. Finally, this 
improved set o f parameters was considered as a new default set and the iterative 
optimisation process was repeated until a converged set of parameters was obtained. 
This optimisation process is illustrated in a flowchart form in Fig. 8-5 for two 
generalised parameters (pi and p2). The two parameters pi and p2 were considered for 
illustrating purpose only, this was extended to four parameters (Gjc, Guc, T\ and 7ji) for 
the CZM  optimisation and to three parameters (a, |3 and eth) for the fatigue model 
optimisation.
8 .3 .2  R e s u lts  a n d  d is c u s s io n s
The optimisation algorithm outlined in Section 8.3.1 was applied to the CZM  and the 
fatigue damage model using the MMF specimen data. As a multiple strain gauge was 
used, for the sake of simplicity, the optimisation process was undertaken on the strain 
variation of one of the gauges (SG4) and having optimised the parameters, the strain 
variations of the other gauges were predicted and compared with the respective 
experimental data.
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As mentioned earlier, the CZM parameters were optimised by minimising the 
summation of the squared normalised differences between the predicted and the 
respective experimental static strength and BFS variations (SG4). To obtain a 
converged set of CZM parameters, the optimisation process was repeated six times. As 
an example, the improvement of the load-BFS curve obtained by one step of the CZM  
optimisation is illustrated in Fig. 8-6.
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Fig. 8-6 . C ZM  p aram ete rs  o p tim isa tio n  based  on the  BFS and  s ta tic  s tren g th
In Fig. 8-6, the ABAQUS derived load-BFS curves corresponding to CZMj (the initial 
CZM parameters), the ABAQUS derived CZMj+i (the improved CZM parameters) and 
the load-BFS curve for CZM i+i obtained using linear interpolation in Excel are shown. 
The optimised CZM parameters are summarised in Table 8-1.
T ab le  8-1. O p tim ised  C ZM  param eters
Gic
k J /m 2
Gnc
k J /m 2 TO
a.
Til
M Pa
In itia tion
crite rio n
P rop aga tion
crite rio n
2.22 4 .57 62 .45 28 .72 Maxim um  nominal stress criterion
Benzeggagh-K enane (BK) 
(with ij=2)
The CZM parameters obtained for the MMF specimen by optimisation were not the 
same as the ones calibrated for the SLJ and LDB in Section 6.4.1, even though, in all 
cases, FM 73M OST adhesive was used for bonding and the substrate was made of the
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same material and pre-treated in the same way. A possible reason could be the different 
ages of the adhesive used for SLJ and MMF specimen manufacturing. As, when the 
SLJs were bonded, the adhesive was new whereas when the MMF specimens were 
manufactured, the adhesive was 2 years old. To confirm this possible reason, some SLJs 
were manufactured using the old adhesive and tested under static and fatigue tests. Fig. 
8-7 compares the failure surfaces corresponding to the SLJs with the newer and older 
adhesives and the MMF specimen with the older adhesive respectively.
L-------- I_______________________________________L____________________    j
Fig. 8-7 . C o m p ariso n  b etw een  th e  fa ilu re  surfaces  o f the  n ew  SLJ, old  SLJ and  o ld  M M F sp ec im en
M M F
It is evident from Fig. 8-7 that the age affected the bonding quality of the SLJ and MMF 
subjected to static and fatigue loading. The older adhesive used for both of the SLJ and 
MMF specimen contained much more cavities. These internal cavities seemed to have 
toughening effect on the adhesive. As comparing the CZM parameters obtained for the 
newer and older adhesives (Table 6-2 and Table 8-1, respectively) reveals that the 
facture energies increased from Gic(Gnc)=2(4) kJ/m2 for the newer adhesive to 
G ic(G hc)= 2.22(4.57) kJ/m for the older adhesive. This toughening effect can be 
because of more sites for localised plastic deformation provided by internal cavities in 
the older adhesive.
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It is worth mentioning that the static and fatigue strengths measured for the SLJ bonded 
with the older adhesive were higher than the ones measured for the SLJ bonded with the 
newer adhesive. The static strength and the fatigue life of the SLJ bonded with the older 
adhesive were 10.3 kN and 78,000 cycles, respectively, whereas the average static 
strength and the average fatigue life of the SLJ bonded with the newer adhesive were 
10.14 kN and 33,400 cycles, respectively.
The load-BFS curves for the MMF specimen under static loading predicted using the 
CZM  parameters given in Table 8-1 are compared with the respective experimental data 
in Fig. 8-8. It can be seen from Fig. 8-8 that the load-BFS curves predicted for all the 
gauges correlated reasonably well with the respective experimental data, noting that 
only the strain variation of the SG4 was used in the optimisation.
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F ig . 8-8 . C o m p aris o n  betw een  the  p red ic ted  and  e xperim enta l load vs. B FS curves  fo r the  M M F
s p ec im en  u n d er s ta tic  loading
The optimised static CZM and parameters (Table 8-1) were integrated with the 
generalised fatigue damage model detailed in Section 6.3 to simulate the fatigue 
response of the MMF specimens. In this fatigue damage model, a fatigue damage 
variable was used at all element integration points. This fatigue damage variable was 
evolved after each increment of cycles ( AN) based on the damage evolution law (Eq. 
6-3) and the fatigue damage was simulated by degrading the CZM properties linearly 
with this fatigue damage variable. The fatigue model parameters were optimised using
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A SG1 (Exp) SG1 (Num )
□ SG 2 (Exp) — S G 2 (N u m )
▲ S G 3 (Exp) - S G 3 (Num )
• SG 4 (Exp) - —  S G 4 (Num )
▲ S G 5 (Exp) - — S G 5 (N u m )
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the optimisation algorithm discussed in Section 8.3.1. This was considered to be 
undertaken by minimising the summation of the squared normalised differences 
between the predicted and the respective experimental compliance and BFS variations 
with cycles. As an example, the improvement of the displacement and BFS variations 
with number of cycles obtained by one step of the fatigue model parameters 
optimisation is illustrated in Fig. 8-9.
(a) o 50 ,000  100 ,000 150 ,000
N u m b er o f cycles
Fig. 8-9 . Im p ro v e m e n t o f the  fa tig u e  resp on ses  using  the  o p tim isa tio n  a lg o rith m , a) D isp lacem en t,
b) BFS
In Fig. 8-9, the ABAQUS derived displacement and BFS variations corresponding to 
the initial fatigue model parameters (denoted by subscript i) and the improved fatigue
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model parameters (denoted by subscript i+1) are compared with the respective 
experimental data.
However, the optimisation results showed that by using a linear material degradation in 
the fatigue damage model, it was not possible to obtain good predictions for both the 
compliance and BFS variations at the same time (this will be discussed in more detail 
later). Therefore, at this stage only the compliance variation with the number of cycles 
was used for fatigue model parameters optimisation. The best set o f fatigue damage 
parameters obtained is given in Table 8-2.
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T ab le  8-2. O p tim ised  fa tig u e  d am a g e  m odel p aram ete rs
a P Eth m n
5 2 0 2 (Gerber) 4
The variations of the fatigue crack growth, the compliance and the BFS with the number 
o f cycles predicted for the MMF specimen using the fatigue model parameters given in 
Table 8-2 are compared with the respective experimental results in Fig. 8-10. It is worth 
mentioning that the crack growth was not used in the calibration process and hence can 
be considered as a measure of validation. It should be noted that the SGI was excluded 
from the fatigue figures, as this would be largely affected by the damage initiation in the 
fillet, and the fillet was neither modelled numerically nor controlled in the specimen 
manufacturing.
As can be seen from Fig. 8-10, the predicted crack growth and the compliance 
correlated well with the respective experimental results. Conversely, the predicted BFS 
variations were significantly different from the measured values. As is evident from Fig.
8 -10(b), the experimental BFS initially increased rapidly and then progressed gradually 
with a tendency o f becoming constant at the end. This trend was not followed by the 
numerical predictions. Contrary to the measured BFS, the predicted BFS grew gradually 
in the beginning followed by a relatively rapid increase. However, similar to the 
measured results, the predicted BFS tended to remain unchanged at the later stage of the 
fatigue test.
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As can be seen from Fig. 8 -10(a), unlike the BFS data, both the crack growth and the 
compliance consistently correlated well with the experimental results. That was because 
the compliance is more sensitive to the crack growth and not necessarily sensitive to 
localised damage, such as the process zone, ahead of the crack or damage initiation. On 
the other hand, the BFS variation is affected by the damage process zone as well as the 
crack growth.
0 6 -0.7
50,000 100,000
N u m b er o f cyc les
150,000
N u m b er o f cyc les
Fig. 8 -10 . C o m p aris o n  b etw een  the  p red ic ted  and  exp erim en ta l a) fa tig u e  c rack  g ro w th  and  
c o m p lia n c e  and  b) B FS varia tio n s  o f the  M M F sp ec im en  u n d er cyc lic  lo ad in g  w ith  P max= 50%  Ps and
R=0.1
The optimisation results revealed that the BFS prediction cannot be improved further by 
modelling the fatigue damage using a linear degradation of the CZM properties.
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Therefore a preliminary attempt was made to assess the effect of non-linear material 
degradation on the prediction of the fatigue response. Fig. 8-11 illustrates linear and 
non-linear CZM properties degradations.
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F atigu e  d am ag e  variab le  
Fig. 8 -11 . L in ear and n on -lin e a r m ateria l d eg rad a tio n s
The same fatigue damage model outlined above was used but the CZM properties were 
degraded non-linearly (see Fig. 8-11). As the method of material fatigue degradation 
was changed, the fatigue model parameters were modified. This modified set of fatigue 
model parameters was again obtained using the same optimisation technique but this 
time both the compliance and BFS variations with number of cycles were used in the 
optimisation. It was found that to obtain a better prediction for the BFS variation, non­
zero degradation at the damage variable equal to one should be used. Moreover, this 
non-zero degradation behaves like a threshold and only if the maximum fatigue load is 
greater than a threshold value, the failure will take place.
The fatigue damage model parameters obtained by optimisation algorithm for non­
linear CZM degradation is summarised in Table 8-3.
T ab le  8-3 . Fatigu e  d am age  m o d el p aram ete rs  o b ta in ed  fo r n on -lin e a r m ate ria l d eg rad a tio n
a P £th m n
1 2 0 2 (Gerber) 4
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Fig. 8-12 compares the fatigue crack growth, compliance and BFS variations of the 
MMF specimen predicted using the non-linear material degradation, shown in Fig. 8-11, 
with the respective experimental results.
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Fig. 8-12. Comparison between the predicted and experimental fatigue crack growth, compliance 
and BFS variations of the MMF specimen under fatigue loading with Pmax=50% Ps and P=0.1
Comparison between Fig. 8-10 and Fig. 8-12 shows that considerable improvement was 
achieved by modifying the method of material property degradation in fatigue damage 
modelling. However, the model tended to over-predict the backface strain values at the 
latter stage.
□ SG 2 (Exp) S G 2 (Num )
▲ S G 3 (Exp) — —  S G 3 (Num )
• S G 4 (Exp) —  SG 4 (Num )
▲ SG 5 (Exp) S G 5 (Num )
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8 .4  C o n c l u s i o n s
The mixed-mode flexure specimen was chosen for further study of damage behaviour of 
adhesively bonded joints under static and fatigue loading and models optimisation. This 
specimen was used because of the unique single location of damage. This specimen was 
tested under static and fatigue loading. The variations of the compliance, crack growth 
and backface strain were assessed during loading. A  consistent static strength of 
1.42±0.04 kN was obtained.
An optimisation algorithm was used based on the Excel solver tool to optimise the CZM  
and fatigue damage model parameters. The CZM  parameters were optimised by 
minimising the differences between the predicted and experimental static strength and 
BFS variation. Fracture energies of 2.22 and 4.57 kJ/m2 and tripping tractions of 62.45 
and 28.72 MPa were obtained for modes I and II, respectively.
The fatigue damage model parameters were optimised by minimising the differences 
between the numerical and experimental compliance and BFS variations. The effect of 
different methods of material property fatigue degradations (linear and non-linear) on 
the fatigue response prediction of the MMF specimens was studied. It was found that 
modelling fatigue damage using the linear material degradation could successfully 
predict the compliance and crack growth variations but failed to predict the BFS 
variation. This showed that considering merely the compliance and fatigue crack growth 
may not be sufficient to fully calibrate the fatigue damage model. A  localised damage 
assessment technique such as monitoring the BFS variation can provide more detailed 
information about the damage evolution. Non-linear material properties degradation 
was used and considerable improvement in BFS prediction was obtained.
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This chapter summarises the main conclusions drawn from the research and provides 
suggestions for the future research.
9 .1  C o n c l u s i o n s
The failure behaviour of the adhesively bonded joints subjected to quasi-static and 
fatigue loading were investigated experimentally and numerically. Various adhesively 
bonded joints, namely the single lap joint (SLJ), the laminated doubler in bending 
(LDB) and the mixed-mode flexure (MMF) specimen manufactured with the same 
adhesive system (but experiencing different stress states) were considered for 
experimental and numerical investigations.
A  bi-linear traction-separation description of the cohesive zone model (CZM ) was used 
for simulating the progressive damage in the adhesively bonded joints under static 
loading. The effects of the cohesive zone model parameters on the predicted static 
strength and the static failure response of the bonded joints were studied and an 
appropriate set o f cohesive zone model parameters was obtained. To determine a 
physically unique set o f cohesive zone model parameters, it was found to be necessary 
to use the static strength and the backface strain data in the calibration process. This 
ensured that the calibrated cohesive zone model was able to successfully predict the 
progressive static damage as well as the static strength. Thus, an appropriate method of 
determining CZM  parameters has now been established.
A  fatigue damage model was developed by integrating the cohesive zone model with a 
strain-based fatigue damage model. The deleterious influence of the fatigue loading was 
simulated by degrading the bi-linear traction-separation response based on a fatigue 
damage variable. This was implemented by coupling the ABAQUS STANDARD finite 
element code with a FORTRAN user subroutine. The effects of the fatigue damage 
model parameters on the load-life data were studied quantitatively and qualitatively. 
Then, using the insight provided by this parametric study the fatigue damage model 
parameters were determined using an informed iterative approach based on the
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experimental data of the SLJ and subsequently validated against the LDB experimental 
data. This model was able to successfully predict the fatigue response o f the adhesively 
bonded joints under constant amplitude fatigue loading at a given load ratio.
The effect of load ratio on the fatigue life o f adhesively bonded joints was studied 
experimentally by conducting fatigue tests on the SLJ bonded using FM 73M OST 
adhesive (the default adhesive system in this research) at different load ratios (R=0.\ 
and 0.5). The effect of load ratio on the fatigue failure was found to be significant for 
the adhesive system. The load-life curves obtained for the two load ratio values showed 
that a decrease in the load ratio value for a constant maximum fatigue load had a 
significantly detrimental effect on the fatigue life. Moreover, the effect o f the load ratio 
observed for this adhesive was compared with another reported adhesive system 
(AVI 19). The adhesive FM 73M OST exhibited much greater sensitivity to the load 
ratio that the adhesive A V I 19.
The fatigue damage model was generalised to account for the load ratio effect. To 
incorporate the influence of load ratio, a correction factor (a function of load ratio) was 
determined using constant life models such as Gerber or Goodman. The effect o f using 
this correction factor for modifying either the maximum fatigue load or the fatigue 
damage equation on the fatigue response was investigated. It was found that only the 
results obtained by modifying the fatigue damage evolution were consistent with the 
backface strain data and thus the measured fatigue damage rate, although both of the 
modifications could successfully predict the fatigue life. Therefore, the correction factor 
was used to modify the fatigue damage equation.
The generalised fatigue damage model was calibrated and applied to the two different 
adhesive systems (FM 73M  OST and A V I 19). The proposed model accurately 
predicted the effect of load ratio on the fatigue lives of single lap joints bonded with 
adhesives. The model calibrated for the FM 73M OST SLJ was successfully validated 
against the LDB bonded with the same adhesive.
The generalised fatigue damage model has been extended for application to variable 
amplitude (VA) spectra fatigue loading. The existing model was validated against
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published experimental results obtained from fatigue tests carried out on adhesively 
bonded single lap joints subjected to various types of V A  fatigue loading spectra. The 
results from this model showed a considerable improvement over the other main 
approaches used for variable amplitude loading including fracture mechanics, damage 
mechanics and PM rule based models. Comparison between the crack growth rates 
predicted for the V A  loading spectra with the ones predicted for the corresponding 
constant amplitude loading stages revealed that the presence of even a small number of  
overloads in the V A  fatigue loading spectrum increases the process (damage) zone and 
consequently accelerates the damage growth considerably.
Further investigation of the damage processes and the failure behaviour under static and 
fatigue loading conditions was undertaken experimentally and numerically using the 
mixed-mode flexure specimens. This joint was chosen for further experimental and 
numerical studies because it contains only a single possible location for damage to 
occur. The CZM  and fatigue model parameters were optimised using an optimisation 
algorithm based on the Excel solver tool. The CZM parameters were optimised by 
minimising the differences between the predicted and experimental static strength and 
BFS variation. While the fatigue damage model parameters were optimised by 
minimising the differences between the numerical and experimental compliance and 
BFS variations.
The optimisation results o f the fatigue damage model revealed that considering only the 
compliance and fatigue crack growth may not be sufficient to fully calibrate the fatigue 
damage model. This was because a change in compliance is basically more sensitive to 
the global damage such as the crack growth and not necessarily sensitive to localised 
damage like the process zone ahead o f the crack. However, it was demonstrated that the 
use of a localised damage assessment technique such as the BFS technique can provide 
more detailed information about the localised damage evolution. Comparing the 
experimental and numerical fatigue BFS variations revealed that employing a non-linear 
material degradation in the fatigue damage model can provide considerable 
improvement in the fatigue BFS prediction.
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9 .2  F u tu r e  r e s e a r c h
The fillet geometry can play an important role in the damage initiation in adhesively 
bonded joints. Although, the adhesive was cut accurately and a fairly uniform spew 
fillet was formed, the fillet geometry should be controlled in joint manufacturing more 
systematically and included in the numerical modelling.
More extensive fatigue tests at different load ratios, in addition to 0.1 and 0.5, could be 
conducted to confirm the applicability of the fatigue damage model.
The bonded joints investigated in this work (SLJ, LDB and MMF) represented different 
mode ratios based on tractions with average values of tn/(ti+tn)=0.44, 0.33 and 0.29, 
respectively. Where fi and t» are the tractions in mode I and II, respectively. It would be 
of great interest to apply the fatigue damage model to other joints with more diverse 
mode ratios to confirm the validity of the fatigue damage model.
Despite the improvement gained in the fatigue BFS prediction by considering non-linear 
material degradation, more investigation of the degradation of the material properties is 
required to predict the fatigue BFS throughout the fatigue life more accurately.
In the fatigue damage models developed no distinction was made between the 
interfacial and cohesive damage. The static and fatigue damage models could be refined 
to account for the crack growth path.
It would be very useful if the effect of other important parameters such as adhesive 
thickness and fatigue loading frequency could be assessed and, if necessary, 
incorporated into the fatigue damage model.
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Appendix A
A ppendix A: Aluminium preparation and prim ing
(Cytec Engineered Materials Inc. (2008a))
Preparation of aluminium
A clean, dry, grease-free surface is required for optimum performance.
A recommended procedure for cleaning aluminium skins prior to priming or bonding is 
the FPL cleaning method described below:
1. Vapour degrease, alkaline clean, rinse and check for water break.
2. Immerse in sodium dichromate-sulphuric acid solution at 155°F±5°F (68°C 
±3°C).
Clad: 10 minutes.
Bare: 5 minutes
Chromic acid is highly corrosive; all contact with skin and tissues must be prevented. 
Wear impervious apron, boots, and gloves, as well as splash-proof goggles and face 
shield when preparing and/or using chromic acid solutions. If air-borne concentrations 
of chromic acid exceed the 8-hr TWA established by OSHA, respirators approved by 
NIOSH must be worn.
Chromic acid solutions should be prepared and handled only in fume hoods or other 
adequately ventilated areas even when the TWA is not exceeded; traces of chromyl 
chloride may occur in the vapours above heated chromic acid solutions prepared from 
chlorinated water.
To prepare this solution:
a) Dissolve sodium dichromate 34 grams (FED-0-S-595A) In water 700 ml
b) Add sulphuric acid 304 grams (FED-O-A-115, Class A, Grade 2)
c) Mix well and add additional water to make one litre. Dissolve 1.5 grams of 2024 
clad aluminium litre.
3. Spray rinse with water, at or below 75°F (24°C).
4. Immerse in cold water and repeat spray rinse.
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5. Check for water break and dry in vented oven below 150°F (65 °C). 
Note: Deionised water is recommended.
In addition to the FPL etch cleaning method for aluminium, the phosphoric acid
manufacturers due to the improved surface bond durability provided by the phosphoric 
acid anodized surface treatment. BR® 127 corrosion inhibiting primer bonds well to 
both surface treatments.
* Boeing patent: 4,085,012; April 18, 1978
Primer application
BR® 127 corrosion inhibiting primer is recommended for use with a wide selection of 
adhesive films in bonding of aluminium details. BR® 127 primer offers superior 
durability and resistance to hostile environments within the bond line and also may be 
used as a protective coating outside the bonded areas.
1. Allow material to warm to room temperature prior to opening container; 
thoroughly mix before and agitate during application.
2. Spray or brush coat to a dry primer thickness of 0.0001 inch (0.0025 mm)
nominal with a 0.0003 inch (0.0075 mm) maximum thickness. For protective
coating applications, increase primer thickness to 0.0004 up to 0.0010 inch 
(0.0100 to 0.0250 mm).
3. Air dry 30 minutes minimum prior to oven cure.
4. Oven cure 30 minutes at 250°F ±10°F (120°C ± 6°C).
anodizing surface treatment* is now being used by a large number of aircraft
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